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Abstract

Biorefineries have been promoted as a way to reduce dependency on fossil re-
sources. Using forestry and forest industry residues as feedstock, the biorefinery
can be integrated with the traditional forest industry and take advantage of
established biomass supply chains. Although academic research has identified
several technology options as promising in terms of both costs and resource
usage, the commercial deployment of forest-based biorefineries has been slow.
The slow deployment of forest-based biorefinery technologies can be attributed
to barriers that are either technology-specific (such as capital cost, process im-
maturities, and scale-up challenges) or market related (such as biomass and
fuel prices, and lack of long-term stable legislation). Future energy prices and
policy landscapes are highly uncertain, and successful commercialisation of
biorefineries can be expected to have a substantial impact on biomass prices.
These uncertainties needs to be considered when evaluating emerging biorefin-
ery concepts.

The performance of biorefinery concepts is often assessed using techno-
economic approaches, typically drawing the system boundaries either around
the plant or a larger geographical area. The choice regarding the extent of
system boundaries can be seen as reflective of either the perspective of a plant-
owner or that of a policymaker, and affects the appropriate methodology for
the assessment. The economic and greenhouse gas (GHG) emission perfor-
mance is heavily influenced by the plant-level design choices (such as choices of
technology, feedstock, and production capacity of the plant), and the assumed
characteristics of the system in which plants operate (such as energy prices
and reference GHG emissions). To identify promising biorefinery design alter-
natives, the uncertainties surrounding the investment need to be incorporated
in the performance evaluation.

This thesis examines the performance of emerging biorefinery concepts in-
tegrated with forest industry in terms of economy, GHG mitigation potential,
and policy support requirement. The aim is to improve the understanding of
the performance of biorefineries by exploring strategies to identify biorefinery
concepts with robust performance, considering biorefinery configuration choices
and the surrounding economic uncertainties. Two perspectives are adopted and
compared; i) the performance as seen by a plant-owner, and ii) the performance
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as seen by a policymaker - related to the costs and impacts from implement-
ing the biorefinery concept from a national systems perspective. Biorefinery
concepts based on thermochemical conversion technologies are investigated, as
they are well suited to a wide variety of residual feedstocks from the forest.

The results demonstrate that robust biorefinery concepts can be identified
only by using a multifaceted approach that fully captures the relationship be-
tween biorefinery configurations and economic performance in face of future
uncertainties. The evaluations should cover the long-term market change due
to decreased reliance on fossil fuels, and the changes in the biomass market
occurring from large-scale deployment of new biorefinery production, both of
which have significant impacts on the future economic performance of the biore-
finery. In addition to this, the evaluations need to consider the performance
of the biorefinery from both a plant-owner and a policymaker perspective to
identify biorefinery configurations that are favourable from both perspectives.
Firstly, the plant-owner needs a high probability of a profitable investment, oth-
erwise investments will not occur. Secondly, the policymaker demands a high
GHG performance, while the cost for a large-scale deployment of biorefineries
needs to be kept low for the entire energy system. These different objectives
can sometimes be conflicting where a configuration favoured by the plant-owner
is not necessarily favoured by the policymaker. These differences are related
to the distribution between direct and indirect costs of a biorefinery concept,
i.e., which costs are carried by the plant-owner, and which are carried by other
actors in the system. To address this, policymakers must create market in-
centives that simultaneously promote investments in biorefinery configurations
and benefit the entire energy system.

This work highlights the severe difficulties surrounding forest-based biore-
fineries, making large-scale deployment unlikely. The low technology readiness
level (TRL) of many biorefinery concepts makes it likely that their investment
costs are severely underestimated, making it likely that their economic perfor-
mance would be worse than expected. Additionally, a very high policy support
is required to make the large-scale deployment a reality in a context in which
a, however, large-scale deployment of biorefinery production will lead to esca-
lating biomass prices while simultaneously, a high policy ambition is likely to
decrease the prices for the fossil alternative.
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Chapter 1

Introduction

Biorefineries are the industrial response to the transition towards a bioecon-
omy, being promoted as means to reduce dependency on fossil resources, in-
crease self-sufficiency, and revitalise rural areas (Lynd et al., 1999; Panoutsou
et al., 2021; Ragauskas et al., 2006). Some of the main drivers governing
the development and deployment of new biorefinery technologies are: (i) sup-
ply of sustainable and renewable energy, (ii) economic growth and reduced
imports, (iii) establishment of circular economy, and (iv) reduction of fossil
greenhouse gas (GHG) emissions (Chandel et al., 2018). In this thesis, biofuels
for the transport sector are the main products considered, but other possible
products from future biorefineries are, for example, platform chemicals (chem-
icals which can be upgraded to various other end-products), bio-materials, and
bio-fertilisers (Arevalo-Gallegos et al., 2017; Chandel et al., 2018), which are
products of interest given the increased focus on electrification of the transport
sector.

Different classifications of the characteristics of biorefinery concepts have
been proposed, partly due to a debate regarding the sustainability of using
food crops as biofuel feedstock, in terms of increased competition and land-
use change. For instance, Hassan et al. (2019b) divided biorefinery concepts
into generations based on the use of feedstock, where the first generation is
reliant on sugars (e.g. sugarcane), starch (e.g. corn), and oilseed crops (e.g.
oil palm, and rapeseed), the second generation (or advanced) are based on
non-food crops and lignocellulosic wastes, and the third generation is non-food
marine biomass. This classification is common, although other classifications
have been used in the literature, depending on, for instance, the technology
production pathway, or the type of product, see e.g. Cherubini et al. (2009).

There has been a large focus in the EU to promote the development and
deployment of second-generation biorefineries to address the sustainability con-
cerns regarding first-generation biorefineries (Hassan et al., 2019b). The am-
bition in the EU is by 2030 to provide 25% of transport energy from advanced
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2 CHAPTER 1. INTRODUCTION

biofuels and replace 30% of currently fossil oil-based chemicals with bio-based
chemicals (Parliament & Council of the European Union, 2018). The primary
policy to reach these targets is the Renewable Energy Directive (2009/28/EC)
(RED), amended in the Revised Renewable Energy Directive (2018/2001/EU)
(RED II), with stricter sustainability targets. The RED II promotes, for ex-
ample, the usage of waste and residues as feedstock (Mai-Moulin et al., 2021;
Parliament & Council of the European Union, 2018), encouraging the de-

velopment of second-generation biorefineries (Stattman et al., 2018). These
sustainability measures are not only of importance from an EU perspective as
they have been an important predecessor for other similar initiatives elsewhere
in the world (Thiffault et al., 2015).

There are a large number of emerging biorefinery concepts with different
possible value chain configurations at different stages of their technical develop-
ment. Depending on the biorefinery concept, different measures can be taken
to improve the biorefinery performance. The economic performance of biore-
fineries are highly sensitive to feedstock prices, where the biofuel production
cost has been estimated in the ranges of 65–158 EUR/MWh based on primary
biomass as feedstock, and 48–104 EUR/MWh when based on waste feedstocks
(Brown et al., 2020). Heat integration biorefinery technologies with hosting
industries provide opportunities for large gains in terms of the economic and
energy performance (Börjesson Hagberg et al., 2016) and the integration with
the traditional forest industry provides additional opportunities for integra-
tion benefits from feedstock handling, and utilisation of on-site by-products
(Ahlström, 2020). Pulp and paper mills (Hassan et al., 2019a) and sawmills
(Ahlström, 2020; Mesfun et al., 2016; Pettersson et al., 2015) has been
highlighted as promising host industries, both in terms of the benefits for the
biorefinery production, but also that diversification of the project portfolio for
the traditional forest industry is necessary to remain long-term competitive
(Dessbesell et al., 2016). Significant benefits could also be attained from in-
tegration with oil refineries. In addition to potentially reduced capital costs
(Stefanidis et al., 2018), advantages in terms of heat integration, and process-
ing equipment co-utilisation, the integration with oil refineries could provide a
pathway for converting fossil refineries to biorefineries and reduce the need to
develop entirely new processes and technologies (Karka et al., 2021; Kumar &
Verma, 2021; van Dyk et al., 2019).

There have been some deployments of large-scale biorefineries in the EU,
however, a majority are based on first-generation feedstock (such as sugars
and starch), and few are based on second generation feedstock (such as for-
est residues) (Hassan et al., 2019a). The lower than expected deployment of
second-generation biorefineries can be attributed to intrinsic (related to the
technology) or extrinsic (related to market, or external) factors. The most
significant intrinsic factors are high capital and operational costs, process im-
maturities, and scale-up challenges (Chandel et al., 2018). The corresponding
extrinsic factors are low energy prices, uncertain market conditions, and lack
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of long-term stable legislation (Hellsmark et al., 2016; Maniatis et al., 2018;
Waldheim et al., 2017). Since the biorefinery products are usually targeted at
replacing products from oil refineries or chemical processing industries, the fu-
ture profitability is also closely linked to future crude oil prices (Wenger et al.,
2020). In addition to the extrinsic uncertainties of future market developments,
a major contributor to the economic performance of biorefineries is the invest-
ment cost, which due to the non-commercial availability of the technologies is
surrounded by large uncertainties (Merrow et al., 1981).

The economic uncertainties have shown to be a major hindrance to the com-
mercialisation of forest residues-based biorefineries. For example, there have
been two prominent planned investments in commercial sized forest residues-
based biorefineries in Sweden, where the investment was abandoned. The in-
vestment in black liquor gasification at Domsjö Fabriker, was abandoned in
2012, citing uncertainties regarding the cost of scaling up the technology and
future regulations of biofuels (Alpman, 2012). Likewise, the investment in
biomass gasification in the GoBiGas project for the production of biomethane
was abandoned in 2015, citing lower-than-expected energy prices, particularly
for the produced biofuel (Larsson et al., 2018). This shows that the major
concern for the commercialisation is not technical limitations, but rather the
market uncertainties, highlighting the importance of addressing them system-
atically when evaluating biorefinery concepts.

The economic, energetic, and GHG performance of a biorefinery is often
assessed using techno-economic approaches that apply system boundaries either
around the plant, or a larger geographical area, depending on the scope of the
study. These two variations of the system boundaries can be described as the
system boundaries that are reflective of either a plant-owner or a policymaker,
and influence which decision variables can be affected and which parameters
should be considered as endogenous, exogenous, or not included at all.

Applying the system boundaries around the plant, as would be of interest
for a plant-owner, is suitable for the objective of identifying profitable invest-
ment options. The related decision variables are, for example, related to choices
of processing equipment, host industry, and operating parameters (Ahlström,
2020; Börjesson et al., 2013). The larger geographical scope, related to the
policymaker perspective, is suitable for identifying technology options that sat-
isfy the objective(s) of the transition of the energy system (for example, GHG
emission reduction targets), without becoming cost-prohibitive solutions. For
biorefineries, a large consideration of the biomass supply chain is required, as
an optimal biomass supply chain design is necessary due to the substantial cost
associated with the geographical aspects (Dessbesell et al., 2016). The larger
geographical scope often follows the borders of a relevant political administra-
tion area, for example, Harahap et al. (2019) used the system boundaries of
Sumatra Island in Indonesia, Khatiwada et al. (2016) used the national borders
of Brazil, and Blair et al. (2017) used the Canadian provinces British Columbia
and Ontario.
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For investments in biorefineries to occur, a high economic performance is
needed. A major uncertainty influencing the economic performance of biore-
fineries are the assumed energy prices, and in particular, the biomass feedstock
costs (Gnansounou & Dauriat, 2010). Future energy prices are highly uncer-
tain, and even though EU policies for biorefinery deployment are trying to
amend for uncertain market conditions (Hassan et al., 2019a), the future poli-
cies are also uncertain. In addition to this, successful commercialisation of
biorefineries will have a substantial impact on wood prices and the profitability
of forest management (Wenger et al., 2020).

In face of these uncertainties, there is a need to identify emerging biore-
finery concepts with a performance that is robust in face of the uncertainties
surrounding the investment. This enables the identification of promising biore-
finery concepts which can provide a high performance both for a plant-owner
(promoting investments to occur) and policymaker perspective (fulfilling the
goals of the transition of the energy system).

1.1 Objective and aim
In this thesis, I examine the performance of emerging forest industry integrated
biorefinery concepts in terms of economic, GHG mitigation potential, and pol-
icy support requirement. The aim is to improve the understanding of the per-
formance of biorefineries by exploring strategies to identify biorefinery concepts
with robust performance considering biorefinery configuration choices, and the
surrounding economic uncertainties. Two perspectives of the performance are
adopted and compared; i) the performance as seen by a plant-owner, related to
the economic performance required for investments to occur, and ii) the per-
formance as seen by a policymaker, related to the cost and impact of deploying
the technology from a national perspective. Specifically, the following research
questions were formulated to reach the aim:

RQ1 How is the performance affected by plant level design choices, related
to the choice of production capacity, feedstock choice, and integration
options, depending on the surrounding system and chosen system bound-
aries? (Paper I, Paper II, Paper III, Paper V)

RQ2 How does large-scale biorefinery deployment affect the biomass markets
and policy support requirement for biorefineries? (Paper III, Paper V)

RQ3 How do uncertainties regarding prices, investment costs, and policy sup-
port affect the biorefinery performance and the economically favourable
time for investments to occur? (Paper VI)

RQ4 How can traditional techno-economic evaluations be complemented with
other methodological approaches to gain further insights regarding the
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performance of biorefinery concepts? (Paper III, Paper IV, Paper V,
Paper VI)

I investigate biorefinery concepts based on thermochemical conversion tech-
nologies. In comparison with biochemical conversion technologies, they have
significant potential in terms of reaching economy of scale-effects (Börjesson et
al., 2013), and are suited to a wide variety of feedstocks (Carpenter et al., 2014;
Tursi, 2019). However, the main objective is to investigate how to assess the
performance of emerging technologies in face of future uncertainties, and the
conclusions should also be applicable for biochemical conversion technologies.
Additionally, the method approaches should, to some extent, be applicable for
other emerging energy technologies in terms of the implications in the interac-
tion with other competing industries, and the impacts from policy uncertainty.

1.2 Overview of appended papers
The different appended papers cover different aspects of the thesis’ aim. Fig-
ure 1 shows the studied technology systems and applied system perspective(s)
for the appended papers.

Paper I investigates the biorefinery and integration aspects from the per-
spective of a plant-owner investing in fast pyrolysis-based biofuel production.
It explores both the integration with an existing boiler at the host industry, and
the simultaneous investment in a new boiler together with the biofuel produc-
tion, where the new boiler is sized to cover the needs of both the host industry
and the fast pyrolysis facility.

Paper II investigates, from a policymaker perspective, the relations between
economy of scale, biomass conversion efficiency, and influence from simultane-
ous investment in biofuel production with other necessary investments at the
host industry. Black liquor gasification is investigated with and without the
addition of pyrolysis liquids to increase the on-site production capacity.

Paper III investigates the performance of sawmill integrated biomass gasifi-
cation from a policymaker perspective, using a large set of internally consistent
future energy price scenarios.

Paper IV shows the development and demonstration of a model linking
framework for endogenising biomass market changes resulting from large-scale
deployment of new biorefinery production.

Paper V builds on the framework developed in Paper IV and explores dif-
ferent on-site configurations for sawmill integrated biomass gasification, from
both a plant-owner and a policymaker perspective. It investigates how both
actors experience the biomass price changes from large-scale deployment of
biorefinery production, depending on the on-site biorefinery configuration.

Paper VI quantifies the impact from policy uncertainty on the favourability
to invest in emerging biorefinery technologies from a plant-owner perspective,
given uncertain future energy prices and investment costs.
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Figure 1: The studied technology systems, integration options, and applied
system perspectives in the appended papers.



Chapter 2

Literature overview

This chapter presents an overview of literature related to the work included
in this thesis, depending on applied system boundaries and relevant method
approaches (section 2.1–2.3), and how to treat uncertainties (section 2.4).

Depending on the system boundaries used in the evaluation of a biorefin-
ery concept, different decision variables that affect the biorefinery performance
can be studied. These decision variables are illustrated in figure 2, where the
performance as evaluated using the surrounding system boundary is directly
influenced by the decision variables inside the system boundary. Although
the decision variables outside the system boundary influence the performance
inside, such as the biomass supply chain configuration for the plant-level bound-
ary, they are, in general, not possible to affect from within the system boundary.
The system boundaries illustrated in figure 2 reflect different perspectives of
the performance of a biorefinery concept. The plant-level system boundary
is analogous to that of a plant-owner, while the energy system and economic
system boundaries are reflective of a policymaker perspective, who, depending
on the objective of the study, can apply either boundary.

Section 2.1 gives an overview of common methods to assess the plant-owner
perspective of the biorefinery performance. The performance as seen when ap-
plying system boundaries reflective of that of a policymaker is usually assessed
using system boundaries that encompass a larger geographical area, often a
political administration area, and is often assessed in larger (energy) system
models, as outlined in section 2.2. Previous work that includes additional
system aspects commonly not assessed in the energy system models, such as
endogenising the market behaviour, is outlined in section 2.3. A major part
of identifying the future performance of biorefineries relates to handling the
uncertainties that surround investments. In section 2.4, a review of methods
applied to incorporate uncertainties in the evaluation is presented.

7
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Modes of transport
Geographical location
Biomass supply chain configurations
End location for product
User fuel choices
Interaction with other industries/technologies

Technology choice
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Integration options
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International trade
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Figure 2: Decision variables and major mechanisms that influence the perfor-
mance of the biorefinery, depending on chosen system boundary.

2.1 Plant-level evaluation and decision variables
The biorefinery performance using the plant-level system boundaries (reflective
to that of a plant-owner) is influenced by a variety of on-site decision variables
that affect the biomass-to-product yield(s) and investment cost (as well as
other running costs of, e.g., energy carriers and catalysts). These decision
variables are related to the choices of, e.g., biorefinery technology, processing
equipment, integration, and operating parameters. The studies that apply
a plant-level perspective with respect to the on-site design decisions usually
investigate or optimise the cost of the biorefinery using detailed bottom-up
models that describes the material and energy flows. Specifically, for forest
industry integrated biorefineries, a major part of the on-site design choices are
the choices of the production capacity of the biorefinery in relation to the host
industry, as well as the choice of biorefinery technology.

A large number of different biorefinery technologies are of interest for de-
ployment in the short to medium term, based on both biochemical and ther-
mochemical pathways. Several processes based on first-generation feedstocks
(according to the classification by Hassan et al. (2019b)) have already reached
commercial deployment, e.g., hydrotreated vegetable oil (HVO) from oilseed
crops, as well as biochemical pathways such as ethanol from corn and sugar
and biogas e.g. energy crops, agricultural wastes, and sewage sludge (Scar-
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lat et al., 2018). Thermochemical pathways are, conversely, promising due to
the suitability of the processes to use second-generation feedstocks (e.g., woody
biomass) (Carpenter et al., 2014; Tursi, 2019), the favourability for the produc-
tion of drop-in biofuels (Kargbo et al., 2021), and the favourable characteristics
to reach economy of scale effects (Börjesson et al., 2013).

Heat and material integration can have large benefits for the process eco-
nomics (Ahlström, 2020), and has been argued as a key element in scaling up
biorefineries (Castro, 2020). When considering heat integration, several differ-
ent targets for choosing the optimal production capacity of the biorefinery can
be used, depending on the characteristics of the host industry and biorefinery.
For example, excess heat from the hosting industry can cover the heat demand
of biomass drying for the biorefinery process, or excess heat from the biorefin-
ery can cover heat demand at the host industry (E. Andersson et al., 2006).
The biorefinery can also be sized to utilise all on-site residues as feedstock
(Ahlström et al., 2017), or the biorefinery production can cover the demand
for fuel at the host industry (Arvidsson et al., 2012).

The economic performance of these integration schemes will be heavily de-
pendent on the economic characteristics of the system. For example, transport
cost has been identified as a significant contributor to the biorefinery produc-
tion cost (Anheden et al., 2016; Lamers et al., 2015; Ng & Maravelias, 2017).
Fitting the biorefinery size to the on-site available by-products will thus reduce
or remove the biomass transport cost (Ahlström, 2020), and may remove the
need for other modifications at the host industry, e.g., for increased biomass
feedstock handling. However, many promising emerging biorefinery concepts
are capital-intensive investments (Karatzos et al., 2017; van Dyk et al., 2019),
which likely will require investment in very large production capacities to re-
duce the specific investment cost (Ahlström et al., 2017; Karatzos et al., 2017).

A major motivation for promoting the deployment of biorefineries is to
achieve a reduction of GHG emissions. Several methods can be applied to as-
sess the GHG performance of biorefineries based on life cycle assessment (LCA)
(Czyrnek-Delêtre et al., 2017). However, the environmental performance can
be difficult to quantify due to the difficulties to estimate many key variables,
and the high impact from local variables, where, e.g., indirect land-use change
can have a significant influence on the results (Cherubini & Strømman, 2011).
The RED provides guidelines on how to account for the GHG emissions for
biofuel production (European Commission, 2009). These are the guidelines
biofuel producers in the EU needs to consider, as they are the legislative base
for estimating GHG emissions from biofuel production. However, it has been
argued that applying the RED guidelines to evaluate the environmental per-
formance can lead to sub-optimal use of wastes due to its limited scope in the
system perspective (Jafri et al., 2019b; Tufvesson et al., 2013). For instance,
by instead assessing the GHG emissions using ISO-14044 (ISO, 2006) the pos-
sibility to allocate emissions to co-produced process heat is included (which is
prohibited in the RED guidelines), which might be suitable when evaluating
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integrated biorefinery concepts, as excess heat from the biorefinery can replace
the need for another primary fuel at the host industry.

2.2 Energy system models
Energy system models are suitable to analyse the energy transition from a
policymaker perspective, due to the complexity introduced by, e.g., cascading
effects from changes, and the interplay between different users (Pfenninger et
al., 2014). A large set of models have been developed to the effect of analysing
the energy system, where many of them have been used to advise policymaking
and plan potential transition pathways (Horschig & Thrän, 2017). The differ-
ent models differ in their modelling structure and approaches, which influence
their intrinsic uncertainties and the level of detail used to describe different
aspects of the energy system (X. Yue et al., 2018). A variety of models encom-
passing different aspects of the energy system has been applied, either trying to
encompass several sectors or only modelling certain sectors (Pfenninger et al.,
2014). For instance, the models MARKet ALlocation (MARKAL) (Fishbone
& Abilock, 1981), Energy Flow Optimization Model (EFOM) (Van der Voort
& Directorate-General for Research and Innovation (European Commission),
1985), and The Integrated MARKAL/EFOM System (TIMES) (Loulou et al.,
2005) have been applied for long-term policy planning and analysis of energy
systems (Horschig & Thrän, 2017). Models that encompass the entire energy
system will, naturally, suffer in terms of the level of detail in describing dif-
ferent processes and technologies compared to the single sector modes. For
instance, the common representation of industrial production in energy system
models often assumes the same process chain is used for the same product, thus
neglecting site-specific considerations (Sandberg, 2020).

2.2.1 Supply chain models
Geographical aspects which can influence, e.g., feedstock availability, available
modes of transport, the prevalence of host industries and competing biomass
users can have a significant impact on the biorefinery performance (Blair et al.,
2017; Karka et al., 2021; D. Yue et al., 2014). These variables have a major
impact on the biorefinery transport cost which, depending on the biorefinery
concept, can constitute a significant part of the total cost of the supply chain
(Golecha & Gan, 2016; Sultana & Kumar, 2014).

The geographical aspects of the biorefinery have often been assessed in sup-
ply chain models that optimise the supply chain performance given a certain
objective, such as, fulfilling GHG emission reduction targets, or deploying a
target of biofuel production by minimising the total system cost. Many studies
have used mixed linear programming (MILP) models to identify low-cost sup-
ply chain configurations (Ghaderi et al., 2016; Sharma et al., 2013), employing
binary variables to represent, e.g., facilities, and selection of processes and
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technologies, and continuous variables to represent material and energy flows
in the system (Ghaderi et al., 2016; D. Yue et al., 2014). Using MILP for the
model representation has been proven suitable as it facilitates the modelling of
large-scale problems without escalating computational times, and can be used
to describe a variety of the supply chain problems including social and eco-
logical objectives (Eskandarpour et al., 2015). Additionally, the MILP model
formulation has been applied to several different planning stages, i.e. strate-
gic, tactical, and operational perspectives (Akhtari et al., 2018; Papageorgiou,
2009; Sharma et al., 2013).

To reduce the cost of the biorefinery supply chain, the choice of using cen-
tralised or decentralised supply chain configurations has been discussed, see
for example (de Jong et al., 2017; Lamers et al., 2015; Ng & Maravelias,
2017). The choice of either configuration affects how the supply chain cost
is distributed between capital expenditure (CAPEX), and operational expen-
diture (OPEX). The centralised supply chain configuration has the benefit of
lower CAPEX where fewer, but larger, facilities are constructed, thus benefit-
ing from economy of scale-effects. The OPEX costs are, conversely, increased,
due to in particular escalating feedstock costs. The opposite effect is true for
the decentralised supply chain configuration, where smaller biorefineries can be
placed close to the biomass source to reduce the OPEX.

There is no conclusive general evidence in favour of either configuration to
be found in the literature. Lan et al. (2021) showed a preference for centralised
supply chains, Lamers et al. (2015) and Muth et al. (2014) showed an economic
advantage for decentralised supply chain configurations, and de Jong et al.
(2017) showed that the choice of either configuration had a minor impact, and
decentralised was only beneficial when biomass supply was dispersed. These
results indicate that there is a high impact from the system characteristics
and studied technology in the choice of centralised or decentralised supply
chain configurations, and there is a need to specifically investigate the chosen
technology in the system setting where it is to be deployed.

2.3 Economic system
The economic system will have a major influence on the economic performance
of biorefineries. The biomass price has a particular influence, as feedstock costs
can constitute 40–60% of the total cost of the biorefinery (Kargbo et al., 2021),
but depending on the biorefinery, the prices for other energy carriers can also
have major impacts.

The traditional models to evaluate the biorefinery performance, derived
from the engineering traditions, usually relies on exogenously defined energy
prices, often based on the current energy prices. To account for the possible
future market changes, different approaches can be used. Sections 2.3.1-2.3.3
outline three different approaches which can be used to describe the future
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market developments in both plant-level and supply chain models:

i) Scenario analysis with internally consistent future prices (section 2.3.1)

ii) Stochastic simulations of future prices (section 2.3.2)

iii) Endogenising market impacts using economic system models (section
2.3.3)

Two main thought patterns from using different representations of the fu-
ture prices can be observed, where the first can be termed forecasting, and the
second developed scenarios. The use of developed scenarios is distinctly dif-
ferent from forecasting future prices - where forecasting aims to predict future
prices, energy scenarios are projections of possible future market developments
(Clift, 2006).

2.3.1 Price scenarios
Uncertain price developments have often been accounted for by applying var-
ious price and demand scenarios (Harvey et al., 2018; Mansoornejad et al.,
2010). In energy system models, the use of energy scenarios has commonly
been applied to analyse impacts from different developments (Darton, 2004),
with scenarios estimated by various organisations, such as the International En-
ergy Agency’s (IEA) World Energy Outlook (IEA, 2020). In addition, scenario
modelling tools can be applied where the marginal costs for energy carriers
are estimated given user input regarding different developments. For instance,
Energy price and Carbon Balances Scenarios tool (ENPAC) was developed to
model future price scenarios depending on future global policy pathways re-
garding GHG mitigation ambition levels (Axelsson et al., 2009; Axelsson &
Pettersson, 2014). Depending on the assumed policy ambition levels, future
fossil prices, and marginal producers for different energy carriers can be esti-
mated.

2.3.2 Stochastic simulation
Future prices can be modelled by applying stochastic simulations to model the
future commodity spot prices (Dixit et al., 1994). Different assumptions re-
garding the market behaviour influence the chosen correlation used to simulate
the future prices, such as Geometric Brownian motion (Blanco et al., 2001),
mean-reverting process (Blanco & Soronow, 2001b), and jump-diffusion process
(2001a). The different correlations rely on the estimation of parameters that
describe future market behaviour. For instance, the Geometric Brownian mo-
tion requires the assessment of parameters that describe the drift and volatility
of future market prices which can be assessed using several methods (Shu &
Zhang, 2006) and are often assumed to be constant for the entire simulation
period (Marathe & Ryan, 2005), however, methods to model the time-varying
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volatility has been proposed (Alhagyan et al., 2020). By assuming that future
market behaviour is similar to the historic behaviour, simple strategies can be
applied to assess the drift and volatility from historic data, see for example
Blanco et al. (2001). The Geometric Brownian motion has been argued to be
suitable for a wide range of commodities, but for markets that are undergoing
rapid development, the assumption that prices follow a Geometric Brownian
motion may not be accurate (Marathe & Ryan, 2005).

2.3.3 Endogenous market impacts
Large-scale deployment of biorefinery technologies will likely result in changes
in the biomass prices and their associated by-products, which will, in turn,
affect the production of biomass using industries (Bryngemark, 2019a). The
importance of accounting for these market changes has been highlighted by
Mustapha et al. (2019), who showed that excluding the market changes might
lead to overestimated future bioenergy production levels. These market changes
have been assessed in market models derived from the research field of eco-
nomics (Latta et al., 2013). However, the forest sector models generally lack
the technology detail used in traditional engineering types of models, where
detailed mass- and energy balances can be used to describe the technology
performance.

Some works have used various types of energy system models (as derived
from the engineering disciplines) linked with market models to enable expanded
analysis, with the different models complementing each other in terms of cov-
erage and methodological approach (Chang et al., 2021). For instance, Krook-
Riekkola et al. (2017) linked the technology-rich energy systems model TIMES-
Sweden with the computational general equilibrium (CGE) model Environmen-
tal Medium Term Economic Model (EMEC) which describes economic devel-
opments in Sweden. This work showed the benefits of integrating the modelling
approaches to account for the changes in economic development from the intro-
duction of the new technologies in the energy system. Additionally, Martinsen
(2011) integrated MARKAL with a CGE model to account for spillover from
technology learning in the national economic development. Using market mod-
els to model the market implications from a change or transition studied in an
energy system model, allows for combining the detailed market description in
the market model, with the technology detail in the energy system model. This
enables the endogenisation of disruptive market changes, such as the changed
biomass market occurring from a large-scale deployment of biorefineries.

2.4 Methods to consider uncertainties
Uncertainties have a major influence on the results from evaluating emerging
technologies, regardless of the system perspective applied for the evaluation.
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The uncertainties are both related to the input data, and the model representa-
tion (X. Yue et al., 2018). Often these uncertainties have been explored using,
e.g., sensitivity analysis e.g. (Meyer et al., 2016), scenario analysis e.g. (X. Yue
et al., 2018), or stochastic simulations e.g. (Hu et al., 2016; Zhao et al., 2015).

For the sensitivity analysis and the stochastic simulations, the influence of
uncertain parameters can be explored by applying a one-at-a-time sensitivity
analysis, or by analysing the uncertainties in conjunction with each other. The
influence from these uncertainties can thus be explored by their impact on
the chosen performance index, which can be, for instance, production cost
when performing plant-level evaluations, or supply cost or optimal technology
mix when applying energy system models to evaluate the performance from a
policymaker perspective.

2.4.1 Real options
Analysing the economic performance using the traditional discounted cash flow
metrics can indicate the likeliness of an investment becoming profitable. How-
ever, many of the emerging biorefinery concepts are long-term investments and
subject to time-based uncertainties in the form of, for example, changing mar-
ket prices. With these time-based uncertainties, traditional discounted cash
flow analysis disregards that the investor has the option to adjust their in-
vestment strategy (postpone, modify, or abandon the investment) to adapt to
changing market conditions (Martínez Ceseña et al., 2013). It was with this
realisation that real options theory was developed, where the economic evalu-
ation includes the flexibility of the decision-maker (the plant-owner) to adjust
to the changing (or uncertain) future market (Trigeorgis, 1996). Applying real
options theory to an investment analysis creates an “opportunity cost” from
the decision to invest, as the option to wait for more information regarding the
market development is forfeited (Dixit et al., 1994). Market uncertainties in
traditional discounted cash flow analysis should generally be reflected by the
chosen discount rate, as a high uncertainty should require a larger payoff (Ko-
dukula & Papudesu, 2006). Conversely, when using real options to evaluate
the investment decision, the market uncertainties are explicitly included.

The use of real options theory within the industry has been limited, which
can be explained by that it constitutes a more problem-specific tool that re-
quires many assumptions on market characteristics that are expected to have a
major impact on the results. Compared to the simple calculations of discounted
cash flow analysis, real options analysis also requires more advanced mathemat-
ics (Sandahl & Sjögren, 2003), and are commonly solved using Monte Carlo
simulations as the problem can easily become too complex to solve analytically.

There have not been many studies published which have applied real op-
tions analysis on investments in biofuel production or biorefineries. However,
for a case of investments in cellulosic biofuel production in Iowa, Li et al. (2015)
showed that the uncertainty in future energy prices favours postponing the in-
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vestment decision. McCarty and Sesmero (2015) investigated the investment in
second-generation biofuel production with the option value from the managerial
flexibility. They showed that the future uncertainties cause the requirement of
a high price premium over the breakeven biofuel selling price, for investments in
second-generation biofuel production to be economically favourable Not only
does the use of real options offer the possibility to investigate the value of
the option to postpone the investment, but it has also been used in previous
research to show that the economic performance can be improved with a flexi-
ble production strategy, when the biofuel selling price is uncertain (Ghoddusi,
2017). Additionally, real options have been applied to analyse the impact of
policy uncertainty on investments in biofuel production. The studies published
showed that risk of policy shifting can lead to either that a postponed invest-
ment decision is preferred, (Liu et al., 2018), or that the investment decision
can, in fact, be speeded up, (Hassett & Metcalf, 1999), depending on the policy
shifting behaviour and direction of change.
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Chapter 3

Studied technologies and
systems

This chapter describes the various studied biorefinery configurations and sys-
tem perspectives applied in this work. Firstly, it describes the system per-
spectives applied; plant-owner and policymaker (section 3.1). This is followed
by a description of the considered locations (section 3.2) including the char-
acteristics of the geographical scope (Sweden) and considered host industries.
Section 3.3 describes the production capacity of the biorefinery in relation to
the hosting industry, and section 3.4 the considered technologies. The chapter
concludes with an overview of the considered biorefinery products and their
possible markets (section 3.5).

3.1 System perspectives
Two perspectives are used to evaluate the biorefinery concepts, depending on
the chosen system boundaries. The system boundaries are either drawn around
the biorefinery plant - including the host industry, or set to follow the national
borders of Sweden. Those two system boundary choices reflect the actor per-
spectives of either a plant-owner, or a policymaker.

3.1.1 Plant-owner
The plant-owner (or investor) perspective applies system boundaries that en-
compass the plant of the investment. The main objective is to identify a prof-
itable investment, which is usually assessed using either the annuity or dis-
counted cash flow method with metrics for net present value (NPV), internal
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rate of return (IRR), or minimum fuel (or product) selling price1 (Mandegari et
al., 2017). For industry integrated biorefinery concepts, the system boundaries
could either surround the newly invested biorefinery, or enclose the hosting
industry as well. This work uses the system boundaries which includes the
host industry, which means that any integration benefits are attributed to the
performance of the biorefinery. It could be argued that the integration ben-
efits should, at least partially, be credited to the primary production of the
host industry. That would, however, require an economic assessment of the
energy and material flows between biorefinery and host industry, which could
pose a problem as not all energy and material exchanges have an equivalent
commodity that is traded at a market.

3.1.2 Policymaker
By drawing the system boundaries to encompass a larger geographical area, a
perspective that can be considered analogous to that of a policymaker is ap-
plied. In this work, a Swedish national system perspective is used to represent
the policymaker perspective. The objective of using the policymaker perspec-
tive when modelling the impact from a biorefinery deployment is commonly to
identify technology options that satisfy objectives of, e.g., GHG emission reduc-
tion or annual biofuel production, by minimising the total system cost, max-
imising the total profits, or maximising the NPV (Atashbar et al., 2018). While
these performance metrics include the costs inside the plant system boundaries,
they can also include the impact on the cost for other biomass using industries,
see for example Pettersson et al. (2015). Using the policymaker perspective
(and the related system boundaries) enables quantification of the total cost for
supplying the biofuel, which is throughout this work referred to as the biofuel
supply cost. When the biorefinery performance is evaluated using a policy-
maker perspective, both costs related to the biorefinery and costs related to
the increased costs for other biomass using industries are included in this work.

3.2 Location
The chosen location of a biorefinery influences the surrounding economic char-
acteristics for the biorefinery which can be local, regional and national in their
scope. Local and regional characteristics include, for example, transport costs
and the availability of biomass using industries that can provide integration
opportunities and feedstock supply for the biorefinery, but that also causes
competition for raw materials. National characteristics cover in particular pol-
icy and market aspects, such as prices and influence from market maturities.
Sweden, the geographical area which is used in this thesis, has a well-developed

1The minimum fuel selling price is the price required for the investment to be profitable,
i.e. where the selling price results in the NPV = 0.
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forestry sector with developed biomass markets, which entails both an ample
selection of potential host sites and competition for biomass resources. Sweden
also has high ambitions for GHG-emission reduction (SOU, 2016), and histor-
ically significant support for the development of new biorefinery technologies
(Hellsmark et al., 2016; Ulmanen, 2013).

In this thesis, I explore the performance of different industrially integrated
biorefinery concepts. Traditional forest industries constitute natural case study
choices for Sweden due to the industries’ experience in operating large scale
biomass supply chains. The particular forest industries considered as hosts are
pulp mills, sawmills, and combined heat and power (CHP) plants, which are
in focus in all papers. Paper VI extends the integration options to also include
an oil refinery.

Pulp mills have been identified as favourable host industries for many biore-
finery technologies (Hassan et al., 2019a). They have both a large demand for
process steam, and plenty of on-site available feedstock, mainly in the form
of black liquor. Sawmills are also potential candidates for the integration of
biorefinery technologies, and have been identified as particularly interesting
from a Swedish perspective (Ahlström et al., 2017; Mesfun et al., 2016;
Pettersson et al., 2015). The sawmills have a heating demand for drying the
sawn wood, as well as large amounts of by-products such as wood chips, saw-
dust, and bark (Anderson & Toffolo, 2013). Integration with CHP plants have
been explored with many biorefinery concepts (for example, see Daianova et al.
(2012); Lythcke-Jørgensen et al. (2014); Starfelt et al. (2010)). Not only do
they provide a possibility of exporting excess heat from the biorefinery to the
district heating (DH) network, but the integration might also enable longer
annual operating time from increased heat load, and the usage of the existing
boiler could reduce the total investment cost of the biorefinery (Gustavsson &
Hulteberg, 2016).

Compared with industrially integrated biorefineries, a stand-alone biorefin-
ery has larger flexibility in terms of localisation options. The main benefit
of a stand-alone concept is the possibility for placement close to the feedstock
source, and thus reduced biomass transport costs. An additional, but less quan-
tifiable, benefit of the stand-alone investment is that since it does not interact
with a traditional forest industry, the risk of the investment interfering with
the core industrial production is mitigated, which might reduce a hurdle for
investment - although the integration benefits are removed.

3.3 Production capacity of the biorefinery
The choice of the on-site configuration of the biorefinery has a large influence
on the biorefinery performance, where particularly the production capacity
of the biorefinery in comparison with the hosting industry is of importance
(Ahlström, 2020). The choice of production capacity will influence the heat
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integration opportunities (such as the availability of excess heat), the specific
transport cost, and the possibilities for on-site utilisation of by-products. The
different configurations considered in this thesis are:

A. Utilise host industry by-products, the biorefinery is sized to utilise avail-
able by-products at the host industry as feedstock.

B. Maximised heat recovery, the biorefinery is sized for its excess heat to
cover the total possible heat demand of the hosting industry.

C. Large-scale facility, the biorefinery production capacity is scaled to reach
high economy of scale-effects. Two options of this configuration are exam-
ined here: i) The biorefinery is scaled regardless of the hosting industry,
and ii) blend-in of additional feedstock is maximised2.

D. Fixed reactor size. Integrating a standardised biorefinery production ca-
pacity, which is applicable for small investments when reengineering of
processing units is cost-prohibitive, or where reactor sizes are limited and
production capacities are consequently limited to multiples of the maxi-
mum reactor capacity.

E. Existing boiler integration, the biorefinery is sized with respect to the
on-site boiler which still needs to cover the process heat demand of the
host industry.

3.4 Technologies
All investigated biorefinery concepts are based on thermochemical conversion
technologies and are integrated with different industries, as described above
(pulp and paper mills, sawmills, CHP plants, oil refinery). The feedstock
is limited to forest and forestry residues, making the biorefinery concepts in
compliance with the RED II. Specifically, the investigated technologies are a
collection of technologies that have reached at least the pilot or demonstra-
tion development stage, and that have shown promise to reach a commer-
cial deployment within the short- to medium time frame (Jafri et al., 2019a),
given favourable market developments and policy support. The technologies
are grouped depending on the feedstock, which either is residues from forestry
or forest industries (such as tops and branches, sawdust, and bark), or black
liquor from the kraft chemical pulping process.

3.4.1 Forestry and forest industry residues-based tech-
nologies

The technologies based on the upgrading of solid biomass in the form of various
forest residues can either be integrated with forest industries or other host

2Applicable for black liquor gasification with blend-in of pyrolysis liquids, see section 3.4.2
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industries, or operate at stand-alone localisations, offering flexibility both in
terms of localisation and feedstock choice.

Biomass gasification

Biomass gasification is considered in Paper III, Paper IV, and Paper V. The
gasification concept is based on the works by (Ahlström, 2020), who considered
the integration of biomass gasification at a sawmill. The biomass is gasified in
a dual fluidised bed, with subsequent synthesis to methane followed by lique-
faction. The specific gasification technology with the synthesis into methane is
based on the stand-alone technology concept which was demonstrated in the
GoBiGas plant in Gothenburg, Sweden, with a production capacity of 20 MW
of biomethane (Alamia et al., 2016; Larsson et al., 2018; Thunman et al.,
2019).

Fast pyrolysis

Fast pyrolysis is considered in Paper I, Paper II, and Paper VI. It has a high
yield of liquids product in the form of pyrolysis liquids (Anex et al., 2010),
which is suitable for replacing heavy fuel oil in industrial combustion (Czernik
& Bridgwater, 2004). The pyrolysis liquids can be further upgraded to diesel
and petrol, where several technology options for the upgrading have been inves-
tigated (Sorunmu et al., 2020; Zacher et al., 2014), but not yet demonstrated
at larger scale.

The locations considered for the fast pyrolysis facility is for Paper I and Pa-
per II stand-alone and integrated with CHP plants, pulp mills, and sawmills.
In Paper VI only the integration at pulp mills is considered. The upgrading
of pyrolysis liquids to diesel and petrol was investigated in Paper I and Paper
VI. Paper I investigates on-site upgrading via hydroprocessing, using hydrogen
to reduce the oxygen content of the pyrolysis liquids (Dutta et al., 2016), and
accounts for the difference in the GHG mitigation potential depending on the
hydrogen production method (via either electrolysis or natural gas steam re-
forming). In Paper VI, the pyrolysis liquids was considered to be transported
to an oil refinery for upgrading to diesel and petrol either with hydrodeoxy-
genation (HDO), or fluidized catalytic cracking (FCC).

Hydropyrolysis

For the hydropyrolysis, investigated in Paper VI, the biorefinery is heat in-
tegrated with a pulp mill and the hydropyrolysis reactor produce unrefined
diesel and petrol, where a majority of the product being petrol. The unrefined
diesel and petrol are transported to an oil refinery for blending and final up-
grading. A benefit of the hydropyrolysis supply chain, compared to that of
the fast pyrolysis, is the low requirement of integration at the oil refinery as
deoxygenation occurs within the hydropyrolysis process (Marker et al., 2013).
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Currently, the technology readiness level of the hydropyrolysis process is low
(Jafri et al., 2019b), but the high share of petrol product makes it interesting
in a future with relatively higher petrol prices, compared with diesel prices.

3.4.2 Black liquor-based technologies
Black liquor is the lignin-rich by-product available from the kraft chemical pulp-
ing process. Lignin is expected to play an important role in future biorefinery
designs but is currently limited to the production of electricity and heat, and
some niche applications (Dragone et al., 2020; Wenger et al., 2020). This cre-
ates a relatively large potential feedstock base to be used for upgraded biofuel
and chemicals production. The black liquor does not only contain the lignin
and other organics from the pulping process, but it also contains the inorganic
pulping chemicals. Currently, the recovery boiler is used to recycle the pulping
chemicals and produce process steam. Therefore, it is necessary for biorefinery
concepts that rely on the usage of black liquor to be able to return the cooking
chemicals to the pulp mill, and to provide an alternative for the process steam
production. This requirement also restricts the black liquor to be utilised at
the site where it is produced, i.e. it is not possible to transport the black liquor
off-site.

Black liquor gasification

Black liquor gasification is investigated in Paper II and Paper VI. In black
liquor gasification, the pure black liquor is gasified in an entrained flow gasifier
to produce syngas and recycle the pulping chemicals. The syngas can then
subsequently be synthesised to the desired end-products, where methanol is in
focus in this thesis. In Paper II methanol is considered the end-product, while
in Paper VI the methanol is transported to an oil refinery for upgrading to
petrol (and small quantities of liquefied petroleum gas (LPG)), via a methanol-
to-gasoline process. Black liquor gasification has been shown to be a viable
recovery route for the green liquor and has been successfully been demonstrated
in pilot-scale (Landälv et al., 2014). Compared to many other biorefinery
concepts, it has a relatively high TRL (Jafri et al., 2019b) and has a relatively
favourable economic performance (Akbari et al., 2018; J. Andersson et al.,
2016).

The specific investment cost of the black liquor gasification is high, however,
it has the possibility of replacing the recovery boiler at the hosting pulp mill.
The recovery boiler is a very capital intensive investment and if the investment
in black liquor gasification is made at the point in time when the recovery
boiler needs to be replaced, an alternative investment credit may be granted,
see section 4.4.3. The total biofuel production potential of this technology is
thus limited by both the availability of black liquor at the specific hosting sites,
and by the number of recovery boilers in need of replacement. Two remedies
for this limitation are explored in this thesis:
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i) Co-gasification by blend-in of additional feedstock (Paper II)

ii) Part-stream gasification (Paper VI)

With co-gasification, the production capacity can be increased by blending
the black liquor with an additional liquid feedstock (Carvalho et al., 2018).
Co-gasification of black liquor and pyrolysis liquids has been proven both in
lab- and pilot-scale facilities (Bach-Oller et al., 2015; Jafri et al., 2018), and is
economically favourable for small pulp mills (J. Andersson et al., 2016). The
blend-in both enables a more flexible supply chain design (depending on the
choice of where the pyrolysis liquids is produced), and can give a significant
boost in the economy of scale effects of the facility (J. Andersson et al., 2015).

With the part-stream gasification, the recovery boiler is not replaced with
the investment in black liquor gasification. Instead, only a portion of the on-site
available black liquor is used as feedstock for the black liquor gasification. This
provides an opportunity for increased pulp production if the recovery boiler is
a bottleneck to increased production in the host industry (Jafri et al., 2020).
This can, however, give significant disadvantages in terms of economy of scale
effects.

Lignin separation - hydrotreatment

Lignin separation - hydrotreatment is investigated in Paper VI. In the specific
technology configuration investigated, the lignin is membrane separated from
the black liquor, after which the pulping chemicals are returned to the pulp
mill (Anheden et al., 2017). The separated lignin is purified and stabilised into
lignin oil and is sent to an oil refinery for hydrotreatment and upgrading into
diesel and petrol (Suncarbon, 2020). Compared to fast pyrolysis and black
liquor gasification, this biorefinery technology is at a low TRL (Anheden et al.,
2017; Jafri et al., 2019b). The technology is, however, not as dependent on
economy of scale effects for profitability, as it is projected to have low specific
investment cost (2019b).

This biorefinery concept requires large amounts of hydrogen to upgrade the
lignin to diesel and petrol and the source of hydrogen will thus have a large
influence on the GHG performance, similar to the fast pyrolysis pathway. Two
options for the hydrogen source are investigated; either with hydrogen being
produced at the refinery via steam reforming of natural gas (LSH), or with
the additional investment in an electrolyser for the production of hydrogen
(LSH-E).

3.5 Biorefinery products and their applications
Different end-products are considered in the different papers, but the main
focus is on the production of biofuels for the transport sector and the replace-
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Table 1: Overview of the products considered from the different technologies.

PL3 LBG4 Methanol Petrol Diesel

Biomass gasification x
Fast pyrolysis x x x

Hydropyrolysis x x
Black liquor gasification x x

LSH1, LSH-E2 x x

1LSH = lignin separation-hydrotreatment with natural gas derived hydrogen.
2LSH-E = lignin separation-hydrotreatment with electrolysis derived hydrogen.
3PL = pyrolysis liquids. 4LBG = liquefied biomethane

Table 2: Overview of the considered applications for the products.

Product application

Product Combustion Intermediate1 Transport sector

Pyrolysis liquids x x
Liquefied biomethane x x
Methanol x x
Green petrol x
Green diesel x

1The intermediate product is transported to another facility for further upgrading.

ment of fossil fuels in stationary applications. Table 1 shows an overview of
the different end-products considered for the different technologies.

The choice of product for any new investment will be dependent on the
future market conditions, where the demand for biofuels or other bio-products
exists geographically, and in which sectors future policy support promotes the
usage of biofuels. Depending on the chosen end-product, the applications are
suited for different use-cases. In this thesis, I consider the different products
from table 1 for different possible use-cases divided on the use in industrial
combustion applications, usage in the transport sector, or the product as an
intermediate to be further upgraded. Table 2 summarises the considered ap-
plications for the different end-products.



Chapter 4

Methodology

Different methods are applied to assess the biorefinery performance considering
both different biorefinery design decisions and the two system perspectives in
focus in this thesis - plant-owner and policymaker, respectively. The represen-
tation of energy prices constitute a critical aspect in the evaluation of economic
performance, and as such has a central part in the methodological descriptions.
Figure 3 shows an overview of both the overall methods used to assess the eco-
nomic performance, and the approach used to represent the energy prices in
each appended paper. For detailed descriptions of the methods used, see the
respective appended papers.

Three different models are used to assess the techno-economic performance
of the technologies. In Paper I and Paper II a static energy and mass balance
model is applied (section 4.1) to assess the plant-level performance when inte-
grating a fast pyrolysis process with a host industry. Paper II and Paper III
applies a supply chain model to evaluate the performance from a policymaker
perspective (section 4.2). Paper IV and Paper V develops and applies an it-
erative framework (section 4.3) that incorporates both a supply chain model,
and a forest sector trade model to endogenise the biomass market changes from
the large-scale deployment of new biorefinery technologies, enabling the evalua-
tion of the performance from both a plant-owner (Paper V) and a policymaker
perspective (Paper IV and Paper V). Two economic evaluation methods are
applied: the annuity method in Paper I–V (section 4.4.1) and a real options
framework in Paper VI (section 4.4.2). Methods used to model energy prices
and policy uncertainty are outlined in section 4.6.2 and 4.7, respectively.

4.1 Static energy and mass balance model
In Paper I and Paper II a static spreadsheet energy and mass balance model is
used to assess the energetic performance of a host industry integrated fast py-
rolysis process. The model evaluates the impact on the already existing steam
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Paper I

Paper II

Paper III

Paper IV & V

Paper VI

Techno-econmic model(s)

Static energy and
mass balance model

+ Annuity

Real options

Forest sector trade
model

Supply chain
optimisation 

+ Annuity

Energy/Biomass prices

Stochastic simulation

Scenario - ENPAC

Current-exogeneous

Iterative-
endogeneous

Figure 3: Applied techno-economic modelling method and energy price repre-
sentation per paper.

network at the host industry from introducing the new biorefinery equipment.
Figure 4 shows a schematic overview of the model with the represented energy
flows for the integration in Paper I.

For the integration with an existing on-site boiler, the size of the fast py-
rolysis reactor is maximised given technical constraints on the existing boiler,
assuming it would be possible to increase the thermal load of the boiler by 10%.
Only the CHP and pulp mill integrations are considered for this configuration,
as the boiler at the sawmill is assumed to be a low-efficiency heat only boiler
unsuitable for the integration of a fast pyrolysis process.

4.2 Supply chain model - BeWhere Sweden
For the evaluations applying the policymaker perspective, the supply chain
model BeWhere Sweden is further developed and applied. BeWhere Sweden
is a geographically explicit biorefinery localisation model which minimises the
total system cost considering the biomass using industries and their biomass
supply chains. It is implemented as a mixed linear programming (MILP) model,
written in GAMS using CPLEX as solver (Leduc, 2009; Pettersson et al., 2015;
Wetterlund et al., 2013). The model divides Sweden into 334 grid cells with
a half-degree spatial resolution which represents the geographical distribution
of, e.g., biomass supply, biomass prices, and biofuel demand. In addition to
the spatial distribution represented by the grid, the specific locations of key
biomass using industries (sawmills, pulp and paper mills, and CHP plants) are
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Figure 4: Schematic illustration for the energy and mass balance model used
to estimate the performance of the fast pyrolysis (FP) process integrated with
a CHP plant (top) and a pulp mill (bottom), from Paper I. HP = high pressure
steam, IP = intermediate pressure steam, MP = medium pressure steam, LP
= low pressure, DH = district heating, NCG = non condensable gases, PL =
pyrolysis liquids.
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Figure 5: Spatial distribution of biomass supply (top) and competing demand
(bottom) in TWh/a, as modelled in Paper II.

represented with site-specific energy data. Figure 5 visualises the modelled
biomass supply and demand. The BeWhere Sweden model is used in Paper
II–V where it minimises the total system cost considering the cost for energy,
transports, operation and maintenance (O&M), and CAPEX, while meeting an
endogenously set demand for domestically produced biofuel while simultane-
ously satisfying the biomass demand in other biomass using industries (forest
industry and stationary energy sector). The model includes the decision vari-
ables of new biorefinery locations (binary), biomass transport flows from supply
to demand sites (continuous), and biofuel transport flows to demand sites (con-
tinuous). The modelled biomass prices are spatially differentiated depending
on, for example, local harvesting costs and transport costs, as described by
Lundmark et al. (2015). Common in these types of models is that the industry
demand and biomass prices are set exogenously, which also is done in BeWhere
Sweden. However, in Paper IV and Paper V, the biomass prices and industrial
demand were endogenised by soft-linking BeWhere Sweden with the Swedish
forest sector trade model II (SFSTM II), as described in the following section.



4.3. ITERATIVE FRAMEWORK 29

Plant-level model

Supply chain model

Market model

-Biofuel supply chain
 biomass usage

-Plant-level production cost

-Biofuel supply chain configuration
-Biofuel supply chain production cost
 

-Biomass prices
-Forest industry production levels

-Biomass prices
-Forest industry production levels

Initial biomass prices

Biofuel demand

Fram e w ork  s y s t e m  b ou n d ary

It e rat ion  s y s t e m  b ou n d ary

Interaction among
biomass competitors

-Biomass prices
 

-Investment cost
-Energy balance(s)

Figure 6: Schematic overview of the iterative modelling framework developed
in Paper IV and applied in Paper V.

4.3 Endogenous biomass market impacts - iter-
ative framework

The biomass prices and forest industry production are endogenised by soft-
linking a biorefinery localisation model (exemplified with BeWhere Sweden,
described above) with a partial equilibrium forest sector model (exemplified
with SFSTM II, described below). The soft-linking framework, developed in
Paper IV, and applied in Paper V, iterates data between the biorefinery local-
isation model, and the market model to identify the economic performance of
the biorefinery concept with endogenised biomass market impacts. The biore-
finery localisation model identifies the biomass supply chain impact from the
integration of new biorefinery technologies at host industries, and the mar-
ket model identified the biomass market changes from the increased biomass
demand. The iterative framework was developed to identify market impacts
from large-scale deployment of biorefinery technologies and the corresponding
impact on the biofuel production, as shown schematically in and figure 6.

In the framework, energy balances derived from a plant-level model are used
as input to the supply chain model to represent the on-site technology perfor-
mance. The supply chain model identifies the performance of the technology
from a policymaker perspective, considering the biofuel supply cost, the lowest
cost locations of biofuel plants, and the composition of the biomass assortment
mix used for biofuel production. The market model generates new biomass
prices and industrial production levels, with respect to the biorefinery perfor-
mance identified in the supply chain model. In addition to soft-linking the two
models, the framework also enables a refined assessment of the performance
from a plant-owner perspective by updating the economic assessment of the
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biorefinery performance with the new biomass prices which are obtained from
the iterative process between the supply chain model and the market model.

4.3.1 Market model - SFSTM II
The Swedish forest sector trade model II (SFSTM II) is a partial equilibrium
model that represents the Swedish forest sector (Bryngemark, 2019b; Carlsson,
2012; Lestander, 2011). SFSTM II consists of two sub-models:

i) A trade cost minimisation model that calibrates the model prices and
feedstock allocations to a reference year (the observed data for that year)

ii) A partial equilibrium model that simulates the changes in prices and feed-
stock allocations in the Swedish forest biomass market, compared with
the reference scenario under various scenarios (such as the introduction
of new biofuel production)

The geographical representation of the model divides Sweden into four re-
gions and represents the trade within and between the regions, including the
trade with the rest of the world. The market is represented with the forest
industries (e.g. pulp and paper industry and sawmills), the stationary energy
sector, and biofuel production. The feedstock is represented with raw materials
(e.g. stem wood), by-products (e.g. harvesting residues), intermediate prod-
ucts (e.g. pellets), and final products (e.g. plywood and paper). The model has
been implemented in GAMS using CONOPT as a solver to maximise consumer
and producer surplus to obtain equilibrium prices and resource allocation.

4.4 Economic evaluation
Two methods are used to perform the economic evaluation; i) the annuity
method, and ii) a real options framework. In addition to these evaluation
methods, Paper I and Paper II also includes an analysis that considered an
alternative investment credit, which can be included in the analysis if the biore-
finery investment occurs simultaneously as other major energy investments are
required.

4.4.1 Annuity method
The annuity method is applied in Paper I–V to determine the biorefinery pro-
duction cost (plant-owner perspective) and supply cost (policymaker perspec-
tive). Using the annuity method, all expenditures are annualised over the entire
economic lifetime of the investment. The investment cost was annualised using
a capital recovery factor (crf), calculated from:

crf =
r(r + 1)T

(r + 1)T − 1
(1)
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where r is the discount rate, and T is the economic lifetime of the invest-
ment.

4.4.2 Real options
In Paper VI, a real options framework is developed and applied for evaluating
investments in biorefinery technologies from a plant-owner perspective. The
framework considers the time-based uncertainties for future energy prices and
the presence of policy support, giving the investor the option to either invest,
abandon the investment, or postpone the investment decision one year.

The framework is implemented using Monte-Carlo simulations to simulate
future uncertain market conditions. In each time-step, the value of the de-
cision to invest (the expected NPV, E[NPV ]), is compared with the option
value of postponing the investment decision one year (the Waitvalue). This is
performed until the end of the investment window, which was set to 10 years.
At the end of the investment window, the modelled investor consequently no
longer has the option to postpone the investment decision and is thus faced
with the decision to either invest or abandon the investment.

The investment mechanisms for each Monte-Carlo simulation n in each
time-stem t follows the rules:

t < 10

{
E[NPV ]n,t > Waitvaluen,t invest
E[NPV ]n,t ≤Waitvaluen,t postpone

t = 10

{
E[NPV ]n,10 ≥ 0 invest
E[NPV ]n,10 < 0 abandon

The expected NPV is calculated from expected future price developments
and expected future policy support - which is calculated from the knowledge
of the market characteristics. Specifically in Paper VI, the future energy prices
are assumed to follow a Geometric Brownian motion (section 4.6.2), and fu-
ture policy support is simulated assuming they follow a Poisson jump process
(section 4.7).

The value of postponing the investment decision (the Waitvalue) is deter-
mined from simulating N number of future prices and policy states for the
following time-step, t + 1, anvd the expected NPV, E[NPV ], in each of the
(nested) simulated scenarios, nw:

Waitvaluen,t =

(∑N
nw=1 (max (E[NPV ]nw,t+1, 0))

)

N(1 + r)
(2)

where n is the specific scenario in each of the Monte-Carlo simulations used
to determine the optimal investor behaviour, and r is the discount rate.
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Figure 7: Generic illustration of the correlation between projected investment,
and final investment cost depending on the technology readiness level.

4.4.3 Alternative investment credit
For industry integrated biorefinery concepts, the investment in the biorefinery
could potentially occur simultaneously as other major energy investments are
required. With this situation, the industry would face two investment options;
i) invest in a new biorefinery in conjunction with the new equipment, or ii) only
invest in new standard energy equipment. Since the other energy investments
are required, the investment cost of the standard energy equipment can be
awarded as an alternative investment credit for the biorefinery investment. This
approach is applied in Paper I granting an alternative investment credit for a
new boiler and steam cycle, and in Paper II for a new recovery boiler and steam
cycle.

4.5 TRL-adjusted investment costs
The investment cost of a biorefinery generally constitutes a major part of the
cost component, together with the biomass feedstock cost. Uncertainties re-
garding the investment cost can thus have a significant influence on the final
economic performance of the investment. The projected investment cost in in-
dustrial facilities has been observed to be lower than the final investment cost.
For investments with a large share of commercially unproven technologies (e.g.
low TRL) and less inclusive cost estimates, the projected (or literature as-
sessed) investment cost can be expected to more severely under-represent the
actual investment cost, compared to investments with higher TRL and more
inclusive cost estimates, as illustrated in figure 7. To compensate for the effect
of underestimating the investment cost, the empirically derived equation from
Merrow et al. (1981) is applied in Paper VI to adjust the investment costs from
the literature:

CostGrowth = Intercept− (b1PctNew − b2Impurities− b3Complexity

−b4Inclusiveness− b5ProjectDefinition)
(3)
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where Intercept, b1, b2, b3, b4, and b5 are empirically estimated parame-
ters1. The CostGrowth is multiplied with the investment cost assessed for each
technology in the literature to get a likely estimation of the investment cost
when implemented.

4.6 Energy price modelling
Future energy prices constitute a major source of uncertainty surrounding the
investment in new biorefinery technologies. Traditional sensitivity analysis,
both one-at-a-time, and varying several parameters in conjunction with each
other are used, as well as two structured methods to handle the uncertain-
ties for the future energy prices; modelling of future scenarios, and stochastic
simulation of future prices.

4.6.1 Internally consistent energy price scenarios
Paper III use the Energy price and Carbon Balances Scenarios tool (ENPAC)
(Axelsson et al., 2009; Axelsson & Pettersson, 2014) to create future market
scenarios given different climate policy development paths. The main applica-
tion for the tool is to create internally consistent future price scenarios, where,
e.g., policies that result in reduced demand for fossil fuels, create a correlated
drop in fossil fuel prices. The future policy scenarios have been derived from
the World Energy Outlook (IEA, 2020), based on different policy scenarios
according to:

1. The current policies (CP).

2. New policies (NP) - Scenario assuming that all currently announced pol-
icy instruments have been implemented.

3. Sustainable development (SD) - Scenario corresponding to a CO2-charge
development as deemed necessary to reach the target of a maximum 2◦C
global temperature increase, as specified by the UN.

The ENPAC tool estimates cost for different energy carriers for different
years up to 2040, based on assumptions regarding technologies available for
future electricity generation and potential marginal price-setting users of wood
fuel. Based on the different policy scenarios, the specific modelled energy prices
at different years were used as price scenarios in Paper III:

CP 2016 The policies and prices for 2016 - Base case

CP 2040 The current policies applied for 2040
1Intercept = 1.12196, b1 = −0.00297, b2 = −0.02125, b3 = −0.01137, b4 = 0.00111, and

b5 = −0.06361, the standard deviation for the parameters is 0.083
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NP 2030 All announced policies have been implemented by 2030

SD 2025 The sustainable development policies for 2025

SD 2030 The sustainable development policies for 2030

SD 2040 The sustainable development policies for 2040

4.6.2 Stochastic future prices
In Paper VI the future energy prices are simulated assuming that they follow
a Geometric Brownian motion. The price, P , in time-step t is calculated from:

Pt = Pt−1(1 + µdt+ σdW ) (4)

where µ is the drift of the market price, dt the size of the time-step, σ
the volatility of the market price, and dW the increment of a standard Wiener
process. At any specific time-step and scenario where the decision-maker knows
the current prices P0,n, the expected future prices at a specific time-step, E[Pt],
is calculated using (Murto, 2007):

E[Pt] = P0e
µt (5)

4.7 Policy uncertainty
The uncertainty of the longevity of policy support is examined in Paper VI.
The policy uncertainty is expressed as a specific chance that policy switching
will occur in the following time-step; i.e., with policy support present, there
is a chance that the support will disappear, and, conversely, with no policy
support present there is a chance that it will be introduced. This is modelled
assuming that policy switching follows a Poisson jump process, see, e.g., Liu
et al. (2018) and Hassett and Metcalf (1999). The uncertainties are varied
from 0–45% using 5% increments, where a 0% policy uncertainty means that
no uncertainty exists and that the policy-state will remain unchanged for the
entire time frame studied. The upper limit of 45% uncertainty is related to
observed policy switching in the US for biofuel tax exemptions of 44% (Liu
et al., 2018).
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Results and discussion

In this chapter, selected results from the appended papers are presented, high-
lighting different aspects of the thesis aim. The results are presented in order
of the research questions where RQ1 is presented in section 5.1, RQ2 in sec-
tion 5.2, RQ3 in section 5.3, and RQ4 in section 5.4.

5.1 Biorefinery configuration choices
RQ1 investigated how the plant level design choices affect the performance
of the biorefinery, depending on characteristics of the surrounding system and
chosen system boundaries. This performance implication was investigated from
both a plant-owner and policymaker perspective for three different technology
options; fast pyrolysis, black liquor gasification, and biomass gasification.

Paper I investigated the economic and GHG performance of a fast pyrolysis
process, depending on chosen host industry and different configuration choices,
section 5.1.1. Paper II investigated economic performance of large-scale de-
ployment of black liquor gasification and the impact from increasing the on-site
production capacity by adding pyrolysis liquids, section 5.1.2. The economic
performance for different on-site configurations for sawmill integrated biomass
gasification were investigated in Paper III and Paper V, section 5.1.3, where
Paper III investigated the preferred on-site configurations for a wide range of
future scenarios, and Paper V compared the economic performance from both
a plant-owner and policymaker perspective.

5.1.1 Plant-owner perspective on fast pyrolysis
In Paper I, the integration of fast pyrolysis-based biofuel production with dif-
ferent host industries was explored from a plant-owner perspective. The biore-
finery options investigated were i) choice of host industry, ii) product choice,
iii) feedstock choice, and iv) on-site configuration options.

35
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The investigated host industries were pulp mills, sawmills, and CHP plants.
In addition, the option of a stand-alone location of the biorefinery was consid-
ered. As end-products, both the option of producing pyrolysis liquids to be
used as a replacement for heavy fuel oil, and using subsequent upgrading of
the pyrolysis liquids into diesel and petrol-range fuels were investigated. In-
vestigated feedstock choices were either biomass with low (wood chips) or high
(forest residues) ash content, which affects the yields of liquid and solid prod-
ucts (Onarheim et al., 2015).

For the integration with pulp mills and CHP plants, two configuration op-
tions were investigated: i) integration with an existing on-site boiler, or ii) si-
multaneous investment in a new boiler sized to cover the heat demand of both
the host industry and the fast pyrolysis process. The second option was mo-
tivated by previous studies suggesting an economic benefit of integrating the
production with an existing boiler, due to the reduced total investment cost (see
for example Gustavsson and Hulteberg (2016)). The simultaneous investment
in a new boiler was made under the assumption that the existing boiler was
due for a replacement, and thus an alternative investment credit was granted
(see section 4.4.3).

The different configuration options considered for the fast pyrolysis process,
in relation to the list in section 3.3, and the respective locations considered are
summarised below:

A. Utilise all on-site residues. Location: Sawmill.

D. Fixed-size fast pyrolysis reactor. Locations: Stand-alone, CHP, and pulp
mill.

E. Maximise biofuel production capacity given constraints on the existing
boiler. Locations: CHP, and pulp mill.

The sawmill integrated configuration was dimensioned to utilise all on-site
available wood chips as feedstock to the fast pyrolysis process (Configuration
A.), using excess heat from the fast pyrolysis process to cover heat demand at
the sawmill, and additional heat demand was covered by the boiler providing
heat to the fast pyrolysis process. For the case of the simultaneous investment
in a new boiler, the investment was restricted to one single fast pyrolysis reactor
(Configuration D.) using excess heat from the process covered heat demand at
the host industry.

Production cost

The resulting production costs (plant-owner perspective) are shown in figure 8,
highlighting the difference between using high-ash (forest residues) and low-
ash (wood chips) feedstock, as the feedstock choice affects the liquids and solids
(char) yields. Both the feedstock and host industry choice had a large impact on
the resulting production cost. From a production cost perspective, integration
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Figure 8: Production cost depending on hosting industry, feedstock and prod-
uct choice, and choice of usage of existing infrastructure.

with pulp mills and large sawmills constituted the preferred locations. The high
economic performance for the integration with a large sawmill can mainly be
attributed to the high resulting production capacity (more than twice compared
with the other locations), which resulted in significant economy of scale effects.
The production cost was comparable for the choice of utilising an existing on-
site boiler to reducing the investment cost, or gaining the benefit from the
alternative investment credit.

Upgrading the pyrolysis liquids to diesel and petrol resulted in a production
cost increase of 24–29 EUR/MWh. This cost increase can be compared with
the relative cost difference between the fossil alternatives of heavy fuel oil and
diesel of 21 EUR/MWh (European Commission, 2017), resulting in a negligible
difference in the requirement of policy support to make the production cost-
competitive with the fossil alternative. There were no major changes in the
relative production costs between the considered configurations mainly due to
the choice of importing the hydrogen “over the fence”.

The pulp mill and CHP plant integrations resulted in similar production
capacities. The main driving factors behind the higher economic performance
for the pulp mill integration, compared with the CHP plant integration, were
i) lower impact on the economic performance from reduced electricity produc-
tion, and ii) longer annual operating time. Although it was assumed that the
annual operating time of the CHP plant would increase with the integration
of a fast pyrolysis plant, due to the possibility of a higher thermal load for a
longer period of the year, the resulting annual operating time was still lower
than that of the pulp mill integrated configuration.



38 CHAPTER 5. RESULTS AND DISCUSSION

Forest residues Wood chips
Feedstock

250

200

150

100

50

0

G
H

G
-m

iti
ga

tio
n 

[to
n-

C
O

2/
G

W
h 

bi
om

as
s]

El-mix = Marginal electricity

Forest residues Wood chips
Feedstock

El-mix = Nordic mix

Host
Stand-alone
CHP, new boiler
CHP, existing boiler
Pulp mill, new boiler
Pulp mill, existing boiler
Sawmill, large
Sawmill, small

Figure 9: GHG mitigation potential for pyrolysis liquids production depending
on hosting industry, feedstock choice, and choice of usage of existing infrastruc-
ture.

GHG mitigation potential

A major motivation for forest-based biofuel production is to promote biofuels
with high GHG mitigation potential. Figures 9 and 10 show the GHG mitiga-
tion potential compared to the fossil fuel reference per unit of biomass used for
the production of pyrolysis liquids (figure 9), and diesel and petrol (figure 10).

The results show that the assumed emissions in the surrounding system
related to energy carriers imported “over the fence” will have large impacts on
the GHG performance of the produced biofuels. Different options for reference
emissions from both the electricity system and the hydrogen production were
investigated. For the electricity system, the reference systems considered were
Nordic mix (low emissions), and Marginal electricity (high emissions), respec-
tively. For the hydrogen (only applicable for diesel and petrol production),
the production methods considered were natural gas-based (via steam reform-
ing), and electrolysis-based (emissions thus affected by the reference electricity
emissions) hydrogen, respectively.

For the production of pyrolysis liquids, the GHG performance was relatively
straightforward (figure 9). Biorefinery configurations with a large surplus of
electricity (such as the sawmill integrated and the CHP integrated with simul-
taneous investment in a new boiler) were naturally favoured when marginal
electricity was used to account for the reference emissions. However, the over-
all differences between the different configurations were relatively minor when
producing pyrolysis liquids.

In contrast, when the pyrolysis liquids were considered to be upgraded to
diesel and petrol through hydroprocessing, the variations in GHG performance
impact depending on the assumed characteristics of the surrounding system
were significant (figure 10). Both the emissions from the electricity system and
the source of hydrogen had the potential to significantly alter the GHG perfor-
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Figure 10: GHG mitigation potential for diesel and petrol production depend-
ing on hosting industry, feedstock choice, and choice of usage of existing in-
frastructure. Top: Natural gas derived hydrogen. Bottom: Electrolysis based
hydrogen.

mance of the production system. For all configurations, the performance was
highly affected by the emissions related to hydrogen production. Here, it is of
interest that both the stand-alone and the CHP plant integration with invest-
ment in a new boiler showed relatively good GHG performance, irrespective of
assumed reference electricity emissions, and hydrogen source.

A particular note regarding the forest residues-based stand-alone produc-
tion, which was the only configuration that resulted in GHG emissions reduc-
tion for the electrolysis-based hydrogen production with a marginal electricity
perspective. This result can mainly be attributed to the surplus char generated
from the forest residues-based production which was assumed to replace fossil
coal. However, the quality of the produced char was considered, and it could
be more likely that the produced char would replace biomass in combustion
applications, which would result in a lower GHG mitigation potential.

While large-scale facilities were favourable for the economic performance of
the fast pyrolysis-based biofuel production, it was not required to reach accept-
able production costs. Similarly, the choice of on-site biorefinery integration
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option (existing or new boiler) had a relatively minor impact. Instead, the
choice of host industry and feedstock both had a larger impact on the produc-
tion cost. Regarding the resulting GHG mitigation potential, the emissions
from the surrounding system were of significantly larger importance than the
configuration choices.

5.1.2 Policymaker perspective on black liquor gasification
While Paper I investigated relatively minor on-site differences in the biorefin-
ery configuration, Paper II investigated significantly larger differences in both
on-site production capacity, and in total deployed production capacity at a na-
tional scale. This was evaluated from a policymaker perspective using black
liquor gasification utilising all on-site available black liquor (Configuration A.),
both with, and without the addition of blend-in feedstock in form of pyrolysis
liquids, for production targets of 0–36 TWh/a of biofuel (methanol for use in
the transport sector).

By blending pyrolysis liquids into the black liquor, the production capacity
at a given site can be significantly increased (Configuration C.). This does, how-
ever, reduce the feedstock conversion efficiency at the system level, compared
to using only black liquor as feedstock, as the production of pyrolysis liquids
must be considered. In addition to this, large-scale deployment of methanol
production in Sweden could also affect other biomass using industries, due to
the geographic effects of the increased biomass competition. Therefore it was
of interest to also examine if there is a difference in whether centralised or
decentralised supply chain configurations would be employed for the blend-in
options, where the pyrolysis liquids were either produced on-site or off-site.

Figure 11 shows the average methanol supply cost for the different con-
figurations, depending on both the total deployed biofuel production, and on
whether the number of allowed sites for investment is restricted or not (all
kraft pulp mills, or only kraft pulp mills with old recovery boilers). Both the
total deployed production capacity (i.e., the demand for domestically produced
methanol), and the specific production capacity at the sites with installed black
liquor gasification had a significant impact on the methanol supply cost. As
the figure shows, the economy of scale effects influenced all technology con-
figurations favourably, which can be seen by that the lowest supply cost was
not achieved at the minimum methanol demand, but at the point where the
methanol demand matches that of the production at the pulp mill with the
largest black liquor availability. However, there was no benefit in using blend-
in of pyrolysis liquids, despite the possibility of increased methanol production
capacity at a given site by up to a factor of 3.6. While blend-in of pyrolysis
liquids would give a significant reduction in the specific investment cost of the
biofuel production facility, it would also require investments in infrastructure
for pyrolysis liquids production, as well as a significant increase in biomass
usage of the system due to the decreased overall biomass conversion efficiency.
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Figure 11: Methanol supply cost depending on total system production, for
black liquor gasification, with and without blend-in of pyrolysis liquids. (1)
BLG = black liquor gasification, (2) BL/PL (i) co-gasification with integrated
(on-site) production of pyrolysis liquids, (3) BL/PL (e) co-gasification with
external (stand-alone or integrated with sawmills, or CHP plants) production
of pyrolysis liquids which is transported to the pulp mill, and (4) All tech = all
configurations allowed in the solution. The supply cost considers the alternative
investment credit from the replaced recovery boiler.

This increase in biomass usage would not only negatively influence the eco-
nomic performance of the biofuel production, but would also have a negative
effect on the biomass cost of other biomass using industries due to increased
competition.

The results presented in figure 11 considered that an alternative investment
credit would be granted from the replacement of the recovery boiler. Figure 12,
conversely, shows the difference in the methanol supply cost if the alternative
investment credit would be granted, compared to when it would not. The figure
shows that not only did the consideration of the alternative investment credit
significantly reduce the methanol supply cost, it was also, in fact, the reason
for the cost difference between when pyrolysis liquid blend-in was applied or
not, for lower methanol demand levels. Additionally, when the alternative
investment credit was removed, co-gasification resulted in considerably better
economic performance compared to pure black liquor gasification for annual
methanol demands exceeding 4 TWh. This is a consequence of the alternative
investment credit representing a larger share of the total investment cost for the
black liquor gasification. For the co-gasification cases, the production capacity
of specific sites increased while the alternative investment credit of the replaced
recovery boiler was unaffected.

If an alternative investment credit should be granted or not must be con-
sidered when evaluating the system performance for industry integrated biore-
finery technologies. Although the replaced recovery boiler investment can be
considered an outlier, as it has a particularly favourable impact on the biorefin-
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ery investment cost due to representing a very capital-intensive investment, the
results show general potential economic benefits from industrial integration, for
a societal transition to a bio-economy.

5.1.3 Sawmill integrated biomass gasification
Paper III and Paper V both investigated different on-site configuration deci-
sions for biofuel production based on sawmill integrated biomass gasification
and the impacts from different levels of national deployed production capac-
ity. The biorefinery concepts were configured for delivering the end-product of
liquefied biomethane (LBG)1 produced from residues from forest industry and
forestry. The different investigated on-site configurations for the biorefinery
were:

A. Sized to use all on-site available sawmill residues as feedstock to the LBG
production

B. Sized for excess heat from the biorefinery to cover the heat demand of
the sawmill

C. Sized for an installed production capacity of 500 MW LBG (significantly
larger than the other configurations)

Paper III investigated the preferred configurations from a policymaker per-
spective for a number of future market scenarios. Paper V investigated the
impact on the economic performance of different on-site biorefinery configura-
tions, comparing the plant-owner and policymaker perspectives. This compar-
ison illustrated how plant-owners and policymakers perceive the performance
of the same on-site configuration and quantified the difference in the direct and
indirect costs of the biorefinery configurations.

Policymaker preferred configuration

Figure 13 shows the resulting annual production per on-site configuration for
different future energy price scenarios (see section 4.6.1 for scenario descrip-
tion, and section 5.4.1 for further discussion on the scenario implications), and
different levels of deployed biofuel production capacity, as investigated in Paper
III. In these scenarios, the system was required to produce a specified minimum
amount of LBG per year but had the option to supply more if the LBG sup-
ply cost was competitive with the fossil alternative. Configuration C.-500 MW
LBG, was either allowed as a configuration choice in the model (right), or not
allowed (left).

Similar to the black liquor gasification when excluding the alternative in-
vestment credit, as described in section 5.1.2, the policymaker perspective heav-
ily favoured the installation of large-scale facilities (Configuration C.-500 MW

1Also called liquefied biogas, liquefied SNG, or bio-LNG
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Figure 13: Annual production of liquefied biomethane (LBG) per technology
configuration depending on energy price scenario (section 4.6.1), on annual
minimum production of liquefied biomethane (LBG), and on the exclusion or
inclusion of Configuration C.-500 MW LBG.

LBG) over facilities with higher energy efficiency (Configuration B.-heat de-
mand) or facilities with lower biomass transport cost (Configuration A.-all
by-products). For all the investigated future price scenarios, there were minor
differences in the annual LBG production, meaning that the demand (forced
deployment in the model) for the product was the governing factor for the
deployment.

The difference between the supply cost of Configuration A.-all by-products
and Configuration B.-heat demand was relatively small as both configurations
appeared in the solution when excluding Configuration C.-500 MW LBG. How-
ever, Configuration B.-heat demand mainly appeared in the solution in scenar-
ios with higher LBG production. This is related to the higher production
capacity of Configuration B.-heat demand and the favourability for specific
host sites. With a higher LBG demand, the available on-site residues used as
feedstock in Configuration A.-all by-products becomes insufficient to cover the
total demand and the most favourable host sites are switched to the configura-
tion with higher deployed LBG production capacities. This indicates that the
specific location of the sawmill has a higher impact on the supply cost than the
choice of on-site configuration (for these two configuration options).

The results from Paper III also indicated that, in general, for the considered
energy price scenarios, Configuration A.-all by-products had a slightly lower
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Figure 14: Production and supply cost per technology configuration and system
perspective. The policymaker perspective considered a 4 and 8 TWh/a demand
of domestically produced LBG, while the plant-owner perspective excludes any
impacts from total deployed production capacity.

supply cost compared with Configuration B.-heat demand. This is a difference
that should be compared with the resulting supply costs in Paper V (figure 14),
where a slight supply cost advantage (or no difference) for Configuration B.-
heat demand can be discerned. This consequently means that the costs for
the two different configurations were comparable, and the specific energy price
scenario determined if one of the scenarios would be favoured over the other.

Comparison of plant-owner and policymaker

The production cost (plant-owner perspective) and supply cost (policymaker
perspective) of a specific technology configuration differ depending on differ-
ences in what is included within the system boundaries, and what is excluded.
Figure 14 covers both perspectives, with the supply cost having been calculated
for two different levels of total deployed LBG production (4 and 8 TWh/a).
As shown, the difference between the production and supply costs were consid-
erable for Configurations A.-all by-products and B.-heat demand, while it was
practically negligible for Configuration C.-500 MW LBG. The difference be-
tween the production and supply costs highlight the share of the cost which is
carried by, on the one hand, the plant-owner, and, on the other hand, by other
actors in the system due to increased biomass costs. One major contributing
factor for these differences is that for the same deployed production capacity,
the geographical impact from Configuration C.-500 MW LBG becomes limited,
as significantly fewer facilities need to be constructed. The majority of the im-
pact on the biomass supply, and consequently on other biomass users, was thus
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found to be geographically restricted, as the largest impacts should occur in
the vicinity of the new biorefineries.

The results show that the plant-owner and policymaker do not necessarily
favour the same configurations, where the policymaker favours the large-scale
facilities due to the lower impacts on other biomass users, while the plant-owner
favours the smaller facilities due to the heat integration benefits. To achieve
a low-cost system transformation, the policymaker needs to develop policy
support that favours biorefinery concepts that enable a low system transition
cost. This would require policy support to shift the preferred configuration for
the plant-owner from the smaller to larger facilities. However, a larger total
investment cost for the plant-owner might reduce willingness to invest which
also needs to be considered in the development of the policy support.

5.2 Biomass market changes and policy require-
ment

RQ2 investigated how a large-scale deployment of new biorefinery concepts
affects i) the policy support required to make the biofuel competitive with their
fossil alternative, investigated in Paper III and Paper V (section 5.2.1), and
ii) the biomass prices and production levels in the traditional forest industries,
investigated in Paper V (section 5.2.2).

5.2.1 Policy requirement
As outlined in the previous section, Paper III investigated the economic per-
formance of sawmill integrated LBG production given a set of future price
scenarios. Figure 15 shows the need for additional domestic policy support to
promote the usage of LBG as a substitute for fossil liquid and gaseous fuels
for heating in the Swedish iron and steel industry, and the resulting share of
substituted fossil fuels. The results are shown depending on the price scenario
and level of minimum deployed production capacity.

The CO2-price required to achieve sizeable substitution of fossil fuels in
the iron and steel industry with LBG differed somewhat between the differ-
ent price scenarios. However, all scenarios required a CO2-price higher than
150 EUR/tonne-CO2 to substitute more than 30% of the industry’s fossil fuels
use and to reach a 100% (or close) substitution across all future scenarios, a
CO2-price higher than 200 EUR/tonne-CO2 was required. Figure 15 shows
large differences in the resulting substitution for a specific CO2-price, depend-
ing on the price- and demand scenario. This difference needs to be considered
when making recommendations regarding the viability of future technologies
since the economic development can result in significant differences in required
policy support for the biofuels to reach economic parity with their fossil coun-
terparts.
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Figure 15: Fossil fuel substitution by liquefied biomethane (LBG) in the iron
and steel industry (ISI), depending on the level of policy support in the form
of a CO2-price, and on the annual minimum production of LBG. The model
has the option to produce more, but not less, LBG than the specified minimum
production.

The prevalence of a demand for LBG from other sectors (i.e., minimum an-
nual production of 4–12 TWh) did not result in lower required policy support
to make LBG cost-competitive with fossil fuels in the iron and steel indus-
try. On the contrary, demand from other sectors resulted in a need for higher
CO2 prices, which is attributed to that the increase of domestic production of
LBG resulted in more biofuel production facilities and a higher total demand
for biomass feedstock. Naturally, this resulted in some biorefineries at less
favourable locations, and a need to utilise more expensive biomass.

Paper V considered the cost of LBG production from both a plant-owner
and a policymaker perspective, which enabled the differentiation between the
direct and indirect costs of the policy support, depending on whom carried the
cost of the biorefinery deployment (either the plant-owner, or other biomass
using actors in the system). Figure 16 shows the calculated direct (as experi-
enced by a plant-owner) and indirect (increased costs for other biomass users)
costs of the policy support to substitute fossil LNG, depending on the total
deployed LBG production (4 or 8 TWh/a) and the specific technology config-
uration. The cost for the policy support for Configuration C.-500 MW LBG
would mostly consist of direct policy support while ca. 60% constituted direct
policy support cost for Configurations A.-all by-products and B.-heat demand.

Of higher relevance for the policymaker to consider when evaluating the
effectiveness of policy support should be the total cost of the policy support
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Conf. A. -all by-products Conf. B. -heat demand Conf. C. -500 MW LBG

Figure 16: Policy support cost per technology configuration and annual biofuel
production, divided on direct (payment to plant-owner) and indirect (increased
costs for other biomass using industries) policy support costs for LBG to be-
come cost competitive with fossil LNG with a reference price of 30 EUR/MWh
(European Commission, 2019).

(i.e., direct and indirect). However, since the direct policy support was lower for
Configurations A.-all by-products and B.-heat demand, there is a chance that
those configurations would be viewed in a more favourable light, despite higher
total policy support cost compared to Configuration C.-500 MW LBG. These
considerations need to be taken into account when policy support is developed
to promote technologies with a lower total cost for the required policy support.

Some discrepancies in how these costs have been calculated should be noted.
The plant-owner production cost was calculated using a static heat and mass
balance model assuming an average-sized Swedish sawmill. The supply cost
was instead calculated using BeWhere Sweden, where all sawmills in Sweden
were included as possible host sites. Some of the differences in the results can
thus be attributed to the supply cost being calculated from locations where the
LBG production was integrated with a larger sawmill.

5.2.2 Biomass market changes
Large-scale deployment of new biorefinery production is expected to have a
large impact on the biomass market. The biomass market impacts were quan-
tified in Paper V, with the impacts on the biomass prices and on the production
of other biomass using industries shown in figures 17 and 18, respectively.

All scenarios showed a high impact on the prices for both forest industry
and forestry residues, explained by that these are the feedstocks that were
allowed to be used for biofuel production, in accordance with RED II. As a
natural consequence of these price increases, the pellets price also increased,
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Figure 17: Biomass price change from the biorefinery deployment per technol-
ogy configuration and biomass assortments, for two different biofuel production
levels. A = Configuration A.-all by-products, B = Configuration B.-heat de-
mand, C = Configuration C.-500 MW LBG.

Figure 18: Production changes in biomass using industries from the biorefinery
deployment per technology configuration, for two different biofuel production
levels. A = Configuration A.-all by-products, B = Configuration B.-heat de-
mand, C = Configuration C.-500 MW LBG.
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since industrial by-products constitute the main feedstock for pellets produc-
tion (see also figure 24). This increase in the pellets production cost resulted
in reduced demand and production of pellets by up to 50% (figure 18).

As further discussed in section 5.4.2, and shown in figure 24, the introduc-
tion of biofuel production resulted in an increased demand for sawlogs in the
sawmills. However, figure 18 shows that the production was relatively unaf-
fected, indicating that sawmills with lower yield have increased their production
at the expense of higher yield sawmills, attributed to the increase in the income
from the sawmill by-products.

Of particular interest is that the different technology configurations resulted
in different levels of price increases, with Configuration A.-all by-products re-
sulting in the highest price increases, and Configuration C.-500 MW LBG in the
lowest, despite the same total production capacity being deployed. Although
Configuration C.-500 MW LBG had the lowest biomass efficiency compared
with the other configurations, due to the lower heat integration benefits, it still
resulted in lower biomass price increases. This result is explained by figure 18,
which shows that the deployment of Configuration C.-500 MW LBG had the
most serious adverse effect on the pellets production. A large-scale deployment
of biorefinery technologies using policy intervention that mandates the usage of
biomass assortments in compliance with RED II was thus shown likely to result
in a reallocation of biomass resources from pellets to biorefinery production.
To properly assess the implication from this reallocation, the alternative fuels
which will substitute the pellets usage must be considered.

An additional remark regarding the implication on the policymaker view of
the cost for domestic biofuel production. The economic impact from changed
production in other biomass using industries should be considered. In this case,
there was a marginal production change of the sawmill, and pulp and paper
industries, and the economic impact should be small. However, there could be
other biorefinery concepts that would have a larger impact on these industrial
branches, and the approach used in the developed framework did not account
for these economic impacts when calculating the LBG supply cost.

5.3 Impact from uncertainties on the biorefinery
performance

RQ3 investigated how uncertainties regarding energy prices, investment costs,
and policy support would affect the performance of the biorefinery, and when in
time it would be favourable to invest in new biorefinery technologies. This was
investigated in Paper VI which applied a real options framework (section 4.4.2)
to identify how an economically rational investor would behave in terms of when
(if at all) they would invest in different biorefinery technologies depending on
future uncertainties. The uncertainties considered in the real options frame-
work were simulated energy prices (section 4.6.2 and figure 26) and investment
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Table 3: Outline of technologies included in Paper VI.
Feedstock Technology Abbreviation

Lignin separation-hydrotreatment (natural gas hydrogen) LSH
Black liquor Lignin separation-hydrotreatment (electrolysis hydrogen) LSH-E

Black liquor gasification-catalytic synthesis BLG

Fast pyrolysis-hydrodeoxygenation Pyr-HDO
Forest residues Fast pyrolysis-fluidized catalytic cracking Pyr-FCC

Catalytic hydropyrolysis-hydroconversion Hydropyr

costs (section 4.5 and figure 27), and assumed levels of policy uncertainty (sec-
tion 4.7) and policy price (0–700 EUR/tonne CO2). Additionally, the impact
depending on the method used to calculate the GHG mitigation potential for
the technologies was evaluated, according to both RED and ISO-14044. The
six technology configurations considered are shown in table 3, and described in
section 3.4.

The results are divided into two parts, where section 5.3.1 shows the eco-
nomic performance of the technologies in terms of the share of simulated future
scenarios which resulted in investment and when in time they occur, and sec-
tion 5.3.2 shows the impact on early emissions reduction and cost for the early
emissions reduction.

5.3.1 Economic performance
The share of the simulated scenarios resulting in investments and the average
investment year are shown in figure 19, depending on policy uncertainty, policy
price (CO2 price), and method used to calculate the GHG mitigation potential.

Only technologies that required a very high policy price to become econom-
ically viable exhibited any adverse effect regarding investments due to policy
uncertainty. Some benefit seems to exist with a complete absence of policy un-
certainty (0% uncertainty), due to the increased share of simulated scenarios
that resulted in investment. However, the complete absence of uncertainty is
not an achievable future condition with a time-based policy support mecha-
nism.

In addition to the likelihood of investments occurring, it is of importance
to note when the investments are likely to occur, as investments are required
both to start reducing emissions and to trigger technology development and
related learning-based technology cost reductions. The results showed that the
prevalence of policy uncertainty promoted early investments, where the earliest
investments at the lowest CO2-price occurred at 10–15% policy uncertainty.
This is explained by the introduction of a risk that the policy support will
disappear in the future made it economically favourable to invest when the
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Figure 19: Share of simulations resulting in investment (top) and the average
investment year (bottom), per scenario (policy uncertainty, policy price, and
method used to calculate GHG performance). Grey = no investment for that
particular scenario.
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Figure 20: Average avoided early emissions (top), and the difference between
implemented policy price, and the resulting cost for the avoided early emis-
sions (bottom), per scenario (policy uncertainty, policy price, and method used
to calculate GHG performance). Grey = no investment for that particular
scenario.

policy support was still in effect.

5.3.2 Avoided early emissions
Avoided early emissions (i.e., total avoided emissions within the investment
window) and the associated costs for early emissions reduction (i.e., the differ-
ence between the implemented policy price, and the resulting policy cost for
the avoided early emissions) are shown in figure 20.

A low policy uncertainty (excluding 0% uncertainty) is favourable for pro-
moting early investments, which subsequently leads to early emissions reduc-
tion. However, with higher policy uncertainty, the resulting cost for the early
emissions reduction is decreased, although it is likely that lower total emis-
sion reductions occur. The low cost for the emissions reduction for high policy
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uncertainty is explained by the number of scenarios where investment has oc-
curred - but the policy support disappears after the facility has already been
constructed.

Although higher policy support was received calculating the GHG footprint
according to ISO instead of RED, the difference in the resulting early emissions
reduction cost was negligible. No difference would be expected for hydropyroly-
sis (Hydropyr), as the GHG footprint was not affected by the choice of method.
However, this result was also true for LSH-E, which was heavily affected by the
chosen method for calculating the GHG footprint. The policy support mecha-
nism examined using the real options framework was a time-based fixed level
of policy support. It would be impossible to create a framework reaching a
0% policy uncertainty with these time-based policy support mechanisms, as
the investments are likely to be operational for 20 years. However, if the policy
support instead were to be given as one-time investment support it would be
equal conditions as for a 0% policy uncertainty, in terms of the total financial
support which could be received by the plant owner. The results in figures 19
and 20 shows that there is a low economic rationale for policy uncertainty being
a primary factor for the low deployment of biorefinery technologies, and thus
other market uncertainties play a larger role in the economic performance of
emerging biorefineries.

5.4 Complementary methods to techno-economic
evaluations

RQ4 investigated how traditional techno-economic evaluation approaches can
be complemented with additional methods or approaches to gain further un-
derstanding regarding the future performance of the biorefineries.

Before exploring the alternative methods used in this thesis, two exam-
ples of traditional sensitivity analysis approaches are given. Such methods are
commonly applied to identify how price and cost uncertainties can affect the
economic performance of an investment and can be used to identify specific
high-impact parameters. Firstly, a one-at-a-time sensitivity analysis is pre-
sented in figure 21 (Paper I), where the investment cost and key energy prices
were varied with ± 50% compared to the base costs and prices (base year of
2018). Secondly, a combinatorial sensitivity analysis (all parameters varied in-
dependently in combination) is shown in figure 22 (Paper II), where the impact
on biofuel supply cost (policymaker perspective) and system biomass usage was
analysed with a variation of ± 50% compared to the base levels (2018) for the
biomass price, electricity price, and biomass transport cost.

Starting with the production cost impacts on the fast pyrolysis biorefin-
ery concept (figure 21), the resulting base case production costs were shown
in figure 8. Although the sensitivity analysis varied each parameter with the
same factor, the analysis did not indicate the likelihood of the production cost
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Figure 21: Traditional one-at-a-time sensitivity analysis for the production cost
(plant-owner perspective) of pyrolysis liquids (PL), and diesel and petrol (trans-
port fuels). WC = feedstock was wood chips (low ash), and FR = feedstock
was forest residues (high ash)
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boundaries. If the factors used for the variation would instead be set by the in-
vestigator to be within reasonable bounds, the analysis could both indicate the
sensitivity of the biorefinery configuration to a certain price and cost changes
and indicate a future range of the production cost. For instance, without
performing the sensitivity analysis, the indicated pyrolysis liquids production
cost was, depending on biorefinery configuration, 36–60 EUR/MWh. With the
± 50% variation, the cost range expanded to 24–72 EUR/MWh, with an in-
dication that the production cost was sensitive to both the biomass price and
the investment cost.

The variation of the biomass price with 50% should be viewed in the light of
historic biomass prices, which have been stable for the past 8 years in Sweden.
However, if the prices are examined for a longer time series, the biomass prices
show a trend of slow, continuous increase2. In addition, a large-scale increase
of biomass usage to reduce GHG emissions will likely cause biomass prices
to increase, as further discussed in section 5.4.2. Consequently, the upper
bound of the biomass prices might be more likely, and, since no indication of
significant biomass price decreases has been observed, the 50% decrease could
be considered very unlikely. However, a plant-owner could experience a similar
effect with policy support tools that promote the usage of biomass, or it could
represent another low-cost biomass waste source, such as bark.

While figure 21 only shows how the individual parameters affect the to-
tal production cost, figure 22 expands the analysis to provide the production
cost boundaries if several prices and costs change simultaneously. The figure
illustrates the impact from the ± 50% variations on system biomass usage and
biofuel supply cost (policymaker perspective), for the case of methanol pro-
duced via black liquor gasification, with the base case supply costs shown in
figure 11. While the supply costs were most heavily impacted by biomass price
changes, the system biomass usage was affected mainly by both the biomass
transport cost and the electricity price.

These approaches for performing sensitivity analysis can give information
on a biorefinery’s sensitivity to price changes and indicate boundaries for the
performance. However, the methods fail to provide adequate insights on how
likely these changes are, and are insufficient for exploring the biorefinery’s per-
formance in face of long-term market changes. To gain further understanding
of the possible future performance boundaries of a biorefinery, three different
methods for considering future energy price developments were applied:

i) Using a set of internally consistent future energy market scenarios from
the ENPAC tool in Paper III. Section 5.4.1.

ii) Endogenisation of biomass market impacts from large-scale deployment
of the investigated biorefinery technology in Paper V and Paper IV. Sec-
tion 5.4.2.

2See figure 1 in Paper VI.
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Figure 22: Combinatorial sensitivity analysis on supply cost (policymaker per-
spective) and system biomass usage from a biomass price, electricity price, and
transport cost variation of ± 50% compared to the base case (2018 price levels).
Results are shown for the scenario where all sites (All recovery boilers, All RB)
were included as possible hosts.

iii) Stochastic simulation of future prices based on current market character-
istics (section 4.6.2) and uncertainties regarding investment costs (sec-
tion 4.5), adapted from Paper VI. Section 5.4.3.

5.4.1 Internally consistent energy price scenarios
One of the major uncertainties affecting the future economic performance of
biorefineries is how future energy prices will develop. Future targets for GHG-
emission reduction constitute a critical factor and will have significant market
impacts if implemented on a global scale. In figure 23, the supply costs (poli-
cymaker perspective) for a set of future scenarios (see section 4.6.1 for scenario
descriptions) are shown depending on different minimum domestic LBG pro-
duction levels and divided on which part of the costs are related to increased
costs in the system, and what is carried by direct support cost to the LBG
producer. In the simulations, the system was forced to produce 0–12 TWh/a
of LBG, with the option to deliver more LBG if the supply cost was com-
petitive with the global market price for the substituted fossil fuels. The re-
sulting supply costs varied between 80 and 120 EUR/MWh, depending on the
price scenario. Without the fixed demand for domestically produced LBG, the
production cost would, however, never be competitive with that of the fossil
counterpart. Furthermore, compared to the supply cost variations over the dif-
ferent market scenarios, the cost differences introduced from varying the LBG
production were found to be negligible.
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Configuration C. excluded Configuration C. included

Figure 23: Supply cost for liquefied biomethane (LBG) depending on allowed
technologies and on future energy price scenario.

The different scenarios derived by the ENPAC tool were dependent on the
ambition levels of global implemented policies. In the case of performance
differences between the scenarios, the year applied when extracting different
price levels was the major component influencing the supply cost, rather than
the specific policy scenario (i.e. current policies (CP), sustainable development
(SD), or new policies (NP)). When, e.g., comparing the results for the CP
2040 scenario to those of the SD scenario for the same year, the resulting sup-
ply costs were found to be comparable. This means that for the SD scenario,
which encompasses specific policies aimed at promoting the use of biofuels, the
resulting market conditions do not result in lower LBG supply costs. Simi-
larly, the difference between the SD and NP scenarios in 2030 produced some
unexpected results. While the policy targets for the SD scenario were more
ambitious than those of the NP scenario, the resulting supply cost was higher
for the SD scenario. Consequently, the biofuel supply cost can be expected
to increase with policies that promote the use of biomass for GHG emission
reduction. The results also showed that biofuel supply costs, given future price
and policy developments, are likely to increase over time.

A particular strength of using the developed internally consistent scenarios
is that they can capture market alterations caused by different policy targets.
Comparably, using historic market prices to assess the future economic per-
formance of investments can result in significant errors due to these market
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alterations. The aim of using such scenarios should thus be to assess trends
and identify the viability of the investigated biorefinery concept. As future poli-
cies are uncertain, targets ranging from no, to very stringent GHG emission
reduction targets could be implemented. The results for the different scenarios
should be synthesised by the investigator to make a qualitative judgement of
the possible future performance of the biorefinery concept.

5.4.2 Endogenous biomass markets
Models that minimise the cost of the biomass supply chain can be used to as-
sess several of the impacts of a large-scale biorefinery technology deployment.
This approach, which is common within the technology-centric engineering dis-
ciplines, however, fails to capture how the large-scale deployment of new biore-
finery technologies will influence the behaviour of other biomass using industries
and the significant market alterations that the deployment can trigger. To ad-
dress this shortcoming, a framework was developed in Paper IV, integrating
the technology and biomass transport details from a biorefinery localisation
model, with the biomass market dynamics from a forest sector model. This
framework was then applied to a case study in Paper V, investigating both the
plant-owner and the policymaker perspective for LBG production.

The resulting impacts from a large-scale biorefinery deployment on the
biomass usage in other biomass using industries are shown in figure 24, for
a deployment of 4 TWh/a of LBG production, for two different technology
configurations (see section 5.1.3). The introduction of biorefinery technologies
resulted in increased demand for sawlogs in the sawmill industry. In addition,
a large production decrease in the pellets industry was observed, as discussed
previously in section 5.2.2. Ignoring the market implications from the large-
scale introduction would ignore these changes where it would not show the
adverse effects on pellets production, and ignoring that production change, it
could influence the estimations on which biomass assortments are available as
feedstock to new biorefineries.

Using the developed framework, the impact from large-scale biorefinery
deployment was assessed regarding both the production cost (plant-owner per-
spective) and the supply cost (policymaker perspective), as shown in figure 25.
The figure shows the costs of using static prices (current-exogenous) compared
to using the framework to identify new prices (iterative-endogenous), for two
different LBG production levels (4 and 8 TWh/a, respectively).

Unsurprisingly, there was an increase in both the production and the supply
cost for all configurations. The increase was most pronounced for 8 TWh/a of
LBG production, where an increase of the production cost of 14–25%, and of the
supply cost of 13–19% were observed. Further, a difference in the cost impacts
was observed between the different technology configurations. Consequently,
the plant-owner and policymaker might not only prefer different technology
configurations, but could also observe differences in how much the estimated
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Figure 24: Change of industrial biomass usage from deployment of new biore-
finery technologies, for an annual LBG production of 4 TWh, per technology
configuration (Configuration A.-all by-products and Configuration B.-heat de-
mand). Current-exogenous represents the current (2018) usage of biomass in
the industries while iterative-endogenous represents the resulting biomass usage
when applying the framework.

performance would be affected by the biomass price changes.
Endogenising the biomass price changes enable the identification of specific

configurations with high economic performance after the biomass price changes
have occurred. Additionally, the framework enabled the analysis of eventual
negative impacts on the other biomass using industries from the introduction
of large-scale biofuel production.

5.4.3 Stochastic simulation of uncertainties
Future energy market scenarios, such as those discussed in section 5.4.1, can
be developed based on either modelling, as was done using the ENPAC tool, or
expert opinion. The approach used here contained no estimation of how likely
different scenarios are to occur. In figure 26, future energy prices have been
simulated for a 30-year time-horizon, assuming they behave like a geometric
Brownian motion and that the future market characteristics (volatility and
drift) can be assessed using historic prices.

In addition to the energy prices, the investment cost of the biorefinery will be
of particular importance for the future economic performance. Using the empir-
ically derived method to assess the “underestimation factor” for the investment
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Figure 25: Production (plant-owner perspective) and supply (policymaker per-
spective) cost per technology configuration and total deployed biofuel produc-
tion, comparing current, static biomass prices (current-exogenous), and inclu-
sion of biomass price dynamics (iterative-endogenous).
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Figure 26: Simulated future prices according to a Geometric Brownian motion.
The average, 10th percentile and 90th percentile of all simulated future scenarios
(n=5000) are shown together with one specific simulated scenario (randomly
selected and shown for illustrative purposes).
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Figure 27: The literature assessed specific investment cost, compared with the
distribution of the stochastic TRL-adjusted simulated specific investment cost,
for two different biorefinery technologies (lignin separation-hydrotreatment
with natural gas derived hydrogen (LSH), and black liquor gasification (BLG)).

cost, described as a TRL-adjusted investment cost in section 4.5, the resulting
simulated specific investment costs were compared to the literature assessed
costs, as shown in figure 27. The significant differences between the literature
assessed and the simulated investment costs highlighted possibly critical chal-
lenges to the economic performance of biorefinery technologies once they are
in-depth investigated for investments at a specific site (e.g., when investment
decisions draw near after initial engineering work). Labelling this investment
cost adjustment approach a TRL-adjustment constitutes a simplification, as
other factors also heavily influence the likely cost escalation once a facility is
subject to more scrutiny. For instance, black liquor gasification (BLG) has low
problems with impurities in the operation (e.g., tar and soot formation), as
has been confirmed at pilot-scale operation (Jafri et al., 2016). Here, this was
translated into a low score to the parameter Impurities in equation 3, which
resulted in a more modest cost increase. Notable in figure 27 is also that the
simulated specific investment costs for lignin separation-hydrotreatment with
natural gas derived hydrogen (LSH), and BLG were roughly comparable, al-
though the literature indicated that there would be a significant advantage for
LSH. The simulated results showed that caution should be used when exam-
ining differences in cost estimation of technologies at different TRL, although
the technologies could be seemingly comparable.

The simulated data from figures 26 and 27, was used both in conjunction and
separately to assess the impact on the estimated NPV, compared to using static
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Figure 28: The net present value (NPV) by using static and stochastic ap-
proaches for assessing the economic performance of biorefinery investments.
Static = Current (2020) energy prices, Literature = investment cost from lit-
erature, GBM = prices simulated assuming a Geometric Brownian motion ap-
proach, TRL-adjusted = technology readiness level adjusted investment cost
(equation 3)

input data from the literature for investment costs, and current energy prices
(figure 28). For these technologies, the negative impact from TRL-adjusting
the investment cost, was found to be positively affected by the same order of
magnitude from applying the simulated future prices assuming a Geometric
Brownian motion development. The positive effect of simulating the prices as
Geometric Brownian motion were attributed to the high expected future selling
prices for the produced biofuels. This benefit from the general increases of fu-
ture energy prices was particularly noteworthy for the two technologies shown
here (LSH and BLG), as the technologies had low (LSH), or no (BLG) require-
ment for externally imported biomass, which for other biorefinery concepts can
constitute a major cost component.

Using a stochastic approach enabled assessment of how likely an investment
option is to become profitable. Table 4 shows the share of the simulated sce-
narios from figure 28 that resulted in a profitable investment (NPV > 0). As
the table highlights, both the investment costs and the assumed future markets
had significant impacts on the profitability of the investment. Particularly in
the case of LSH, which would constitute a profitable investment if assuming
current prices, the probability of a profitable investment dropped to 31% (if the
investment occurs today) when both GBM-simulated future prices and TRL-
adjusted investment costs were applied. The approach is, however, is heavily
dependent on the ability of the investigator to assess the marker characteristics
correctly (for simulating future prices), and reviewing the technology in-depth
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Table 4: Probability of a profitable investment depending on methods for treat-
ing investment cost, and future prices for the technologies lignin separation-
hydrotreatment with natural gas derived hydrogen (LSH) and black liquor
gasification (BLG). Static = Current (2020) prices, Literature = investment
cost from literature, GBM = prices simulated assuming a Geometric Brown-
ian motion, TRL-adjusted=technology readiness level adjusted investment cost
(equation 3).

LSH BLG

Static - Literature 100 0
GBM - Literature 100 30
Static - TRL-adjusted 0 0
GBM - TRL-adjusted 32 0

(for TRL-adjusting the investment cost).
The stochastic approach applied here contains two elements, the TRL-

adjustment of the investment cost, which is laborious, and the stochastic sim-
ulation of future prices, which is considerably more attainable (even for low
resource actors). The approach to simulate investment costs is not trivial,
since performing the investment cost adjustment requires a detailed review of
the TRL of the different processing equipment used. The simulation of future
prices is however more attainable, as many energy commodities have historic
market prices which can be used to assess the market characteristics. Although,
as shown in figure 28 and table 4, since the investment cost constitutes a large
part of the biorefinery cost, only performing a stochastic simulation of future
prices might severely alter the estimated performance, compared if the TRL-
adjustment of the investment cost is also accounted for. If only the stochastic
simulation of future prices is used, there needs to be high confidence in the
accuracy of the estimated investment cost.

As discussed in regards to using the ENPAC-derived future scenarios, using
historic data to assess future developments can fail to capture market alter-
ations that would occur when (or if) policy measures were taken to curb global
GHG-emissions. To further improve the understanding of the performance of
the estimated technologies, both method approaches should be considered. It
might also not be suitable to assume a geometric Brownian motion for all en-
ergy prices, and if a more detailed analysis would be carried out, it would be
suitable to investigate the impacts from assuming other equations to describe
the future energy market behaviour.



Chapter 6

Conclusions

This thesis aimed to examine the performance of emerging forest industry in-
tegrated biorefinery concepts in terms of economic, GHG mitigation potential,
and policy support requirement and to explore strategies to identify biorefinery
concepts with robust performance in face of uncertainties in terms of market
prices, policy support, and investment costs. The conclusions are divided based
on the specific research questions followed by general conclusions and recom-
mendations.

6.1 Concluding discussion

RQ1: How is the performance affected by plant level design choices, related
to the choice of production capacity, feedstock choice, and integration options,
depending on the surrounding system and chosen system boundaries?

While it comes as no surprise that a larger facility leads to improved eco-
nomic performance due to economy of scale, this work sheds additional light on
how both plant-owners and policymakers can identify configurations benefiting
the economic performance. Firstly, if the production capacity of the biorefinery
is increased significantly beyond the optimum excess heat utilisation potential
(i.e., where the biorefinery is sized so that the excess heat from it perfectly
matches the heat demand of the hosting industry) there is an increased produc-
tion cost for the plant-owner due to the decreased biomass efficiency (Paper V).
If considering the production capacity from the perspective of a policymaker,
it is preferable with a larger facility, regardless of the integration aspects and
future economic conditions. This can mainly be explained by that fewer, but
larger, biorefineries limit the number of other biomass using industries that are
impacted by changes in the biomass supply chain, i.e., despite a large impact

65
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around certain specific sites, the overall geographical area affected is limited
(Paper III).

Additional considerations need to be taken if the investment in biorefin-
ery technologies can be made simultaneously as investments in other process-
ing equipment is required. If investments can occur simultaneously, both the
plant-owner and the policymaker needs to consider if an investment credit for
the replaced equipment should be considered when evaluating the economic
performance of the biorefinery technology. If very capital-intensive equipment
can be replaced with the investment in a biorefinery technology (as is the case
for black liquor gasification), the economic performance can be significantly
improved (Paper II). The results also indicate that the plant-owner can see
similar economic benefits from integrating with an existing on-site boiler, as
the benefits received from the alternative investment credit granted from si-
multaneous investment in a biorefinery technology as the existing on-site boiler
needs to be replaced (Paper I). However, since processing equipment is not
replaced before the end of its lifetime, a plant-owner will, in fact, never be
faced with the choice of either investing in a new boiler and a biorefinery, or
integrating the biorefinery with an existing boiler.

The impacts from the plant-level design choices are heavily influenced by the
interplay of the decisions that influence economy of scale effects and conversion
efficiency, which can in turn be highly affected by the feedstock choices. For
example, the use of pyrolysis liquids as an additional blend-in feedstock in black
liquor gasification gives the opportunity to significantly improve the economy
of scale effects. This can improve the economic performance despite decreased
conversion efficiency - unless the discussed investment credit is granted, at
which case higher conversion efficiency outperforms economy of scale (Paper
II). Similarly, if the feedstock choice influences the ratio of products, as was
the case when choosing between using forest residues or wood chips as fast
pyrolysis feedstock (Paper I), the assumptions regarding the fossil reference
and the feedstock price difference can alter the performance.

RQ2: How does large-scale biorefinery deployment affect the biomass markets
and policy support requirement for biorefineries?

Large-scale deployment of biorefinery technologies can lead to a substantial
increase in biomass prices, which in turn leads to significant increases in both
the production and supply costs for the biorefinery product. If these market
changes are ignored, both the impact on other biomass using industries and
the relative price changes between biomass assortments will be neglected, which
consequently also reduce the ability to identify biomass assortments of interest
as feedstock for biorefineries (Paper IV). In the particular case study in Paper
V, the adverse effects from large-scale deployment of lignocellulosic biorefiner-
ies on other biomass-using industries were limited to pellets production, where
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biomass was re-allocated from pellets plants to biorefineries producing liquefied
biomethane (LBG). To fully examine the effects of this change in production,
the downstream effects from reduced pellets production would need to be as-
sessed, which was outside the scope of the study. However, it is likely that the
major pellets users can more easily substitute for other renewable fuels (such as
unrefined woody biomass), compared to industries or transport vehicles, which
require liquid or gaseous fuels in their applications.

A large-scale biorefinery deployment creates both opportunities and com-
plexities in the energy system. An already existing large-scale deployment of
biorefinery production can help adaption of biofuels in industries with a low
willingness to pay as the already deployed production capacity can produce
(small) additional biofuel quantities at cost-competitive prices with the fossil
alternative (Paper III). However, the potential impacts on the biomass market
need to be considered as it can lead to both changed production conditions for
other biomass using industries, and to cost-escalation of some biomass assort-
ments.

Depending on the future economic development there are large differences
in the policy support requirements to make biofuels cost-competitive with their
fossil counterparts (Paper III). The specific biorefinery configuration can also
have a large influence on who carries the cost of the policy support. The cost
can either be the direct cost of the policy support, related to the system cost
experienced by the plant-owner, or it can be the indirect costs of the policy
support, which relates to cost increases experienced by other actors in the
system (Paper V). The total cost of the policy support is what needs to be
considered by a policymaker to ensure a cost-efficient transition of the energy
system.

RQ3: How do uncertainties regarding prices, investment costs, and policy
support affect the biorefinery performance and the economically favourable time
for investments to occur?

Uncertainties regarding costs and prices have a significant impact on the
performance of emerging biorefinery concepts. For the thermochemical biorefin-
ery concepts investigated in this thesis, particularly the uncertainties regarding
their investment cost have a large impact if the technologies will be viable or
not, given current market trends, due to the sizeable share of CAPEX of the
total biorefinery production cost.

The impact of policy uncertainty is a particularly important question as it
has been argued by several different actors to have an adverse effect on invest-
ments. This was shown in Paper VI to mainly be true for technologies that
require very high policy support levels to be profitable. The technologies where
investments are profitable also at lower policy support levels are significantly
less sensitive to the policy uncertainty, when it regards the willingness to invest.
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Additionally, a total absence of policy uncertainty would make it very unlikely
that investments would occur sooner, rather than later. With no policy un-
certainty, the policy support is guaranteed for the entire time horizon and it
becomes favourable for the investor to wait for improved market conditions,
given current market developments.

RQ4: How can traditional techno-economic evaluations be complemented with
other methodological approaches to gain further insights regarding the perfor-
mance of biorefinery concepts?

While traditional techno-economic approaches can provide insights into
the performance of emerging biorefinery technologies, it is not comprehensive
enough to identify promising technology configurations in face of the wide array
of future economic conditions and uncertainties facing these investments which
can be in operation for more than 20 years. To make any conclusive judge-
ment of the future performance of the emerging technologies, future market
developments must be considered, as they can both alter preferred technology
configurations, and help in identifying technologies that perform well under a
wide range of future conditions, thus making investments more likely to be
profitable. Each method applied provides additional pieces to the puzzle of
the future economic performance of emerging biorefinery technologies. Specifi-
cally, the methods used in this thesis to extend the traditional techno-economic
approaches were:

1. Inclusion of internally consistent future market scenarios depending on
different climate policy developments.

2. Endogenisation of the biomass market impacts from large-scale deploy-
ment of forest-integrated biorefineries by application of a framework that
links plant-level, supply chain, and market models.

3. Stochastic simulation of future prices and investment costs.

These different approaches can be used to highlight different aspects of the
uncertainties regarding future performance and can be used at different stages,
and by different actors in the performance evaluation. Depending on the actor
performing the evaluation, different strategies are more or less suitable, mainly
due to their complexity.

Using structured scenarios for evaluating the performance (1) is a relatively
simple and straightforward process, as the developed price scenarios can be
used as exogenous input in a given existing modelling structure used to per-
form a traditional techno-economic performance assessment (Paper III). The
goal of such an analysis would be to identify if the biorefinery concept has
a high chance of being a profitable investment given many different possible
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market developments. If so, the more complex and time-consuming approaches
can be applied. It is of particular importance that the biorefinery concept has
a profitability in a large share of the scenarios, since the biorefinery concepts
assessed in this thesis are capital intensive investments expected to be in oper-
ation for long time horizons. The long time frame for the investments makes it
likely that both technology development and changes in political ambition will
cause significant long-term market effects at some point during the technical
life-time of the biorefinery.

By using the developed model linking framework (2), it is possible to ac-
count for the biomass market effects from the large-scale deployment of the
specific biorefinery concept investigated (Paper IV and Paper V). This is an
approach unsuitable for actors with smaller resources, as it requires both a
supply chain and a market model. It is, however, an approach that is of high
interest for policymakers, as it can both be used to identify potential cost
escalations for biorefinery concepts with large-scale deployment, and to as-
sess eventual impacts on other biomass using industries. The impact on other
biomass using industries is necessary to include in the evaluation in order to
identify the “true” societal cost of a biorefinery concept. With this particu-
lar framework, keeping the sub-models (plant-level, supply chain and market
model) soft-linked, improves the ability to keep the methodological approach
relatively transparent, and makes the framework easier to adapt for different
case studies and settings.

Using stochastic simulations (3) to further elaborate on the economic perfor-
mance of the biorefinery technologies is an approach that requires both intimate
knowledge of the process (for the TRL-adjustment of the investment cost), and
market knowledge (to choose appropriate correlation to model prices, and assess
the parameters). Both are attainable for an actor with high resource availabil-
ity, where especially the TRL-adjustment of the investment cost puts demands
regarding a proper assessment of each processing step. However, given the as-
sumptions regarding the market behaviour (chosen correlation for simulating
the future prices), the results give an indication of the likeliness for the in-
vestment to be profitable, which is especially important with capital-intensive
technologies, such as biorefineries.

In addition to the extension of the traditional techno-economic analysis,
the stochastic future market simulation enables the use of real options analysis
to evaluate the economic performance of a biorefinery investment and account
for the plant-owner’s investment decision flexibility. Using the real options
framework developed in Paper VI enables a comparative analysis of how dif-
ferent competing biorefinery concepts perform in terms of the likeliness of in-
vestment, when in time deployment is more likely, and quantification of how
policy uncertainty affects the investment decisions. The use of a real options
framework also makes it possible to identify if the uncertainties that affect an
investigated biorefinery concept would make it more favourable to postpone
the investment. As demonstrated in Paper VI, this approach makes it possible
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to identify critical policy price thresholds, as well as uncertainties that favour
early investments.

6.2 General conclusions and recommendations
The work presented in this thesis shows that for the majority of the examined
forest-industry integrated biorefinery concepts, substantial policy support is
required for them to become financially viable. Under the current market de-
velopments, large-scale deployment of advanced biorefineries is unlikely, where
three main difficulties are contributing to the low prospects. 1) The low TRL
of many biorefinery concepts makes it likely that their investment costs are
severely underestimated which makes their economic performance likely to be
worse than projected. 2) Many biorefinery concepts require very high policy
support to become economically viable, and with increased (global) policy am-
bitions, the price of the fossil alternative to the biorefinery product will fall,
thus reducing the effectiveness of the policy support. 3) If the necessary policy
support is implemented, the large-scale deployment of biorefineries will lead to
escalated feedstock prices, reducing their economic performance. In addition to
these obstacles, the electrification of the transport sector will negatively affect
the demand for advanced biofuels in the transport sector.

The uncertainties for the future market for the biorefinery product could be
alleviated with investments in technologies with possibilities for changing the
final product. This would, for example, allow a biorefinery to initially produce
blend-in biofuels for the transport sector, and with subsequent investments
change the production to platform chemicals as demand for biofuels in the
transport sector decrease. The possibility to change the final product also
makes it possible to react to falling fossil fuel prices and compete with fossil fuel
alternatives with lower price decreases. To counteract effects from escalating
feedstock prices, policymakers should promote biorefinery concepts with low
impact on the biomass market. This can be achieved by promoting biorefinery
concepts with low specific biomass usage and incentivise deployments that are
limited in the geographical impacts on the biomass market.

Identification of robust biorefinery concepts requires a multifaceted ap-
proach to fully capture the interplay between biorefinery configuration and
economic performance, in face of future uncertainties. Firstly, the plant-owner
needs to have a high chance for a profitable investment, otherwise, investments
will not occur. Secondly, the policymaker needs a high GHG performance while
simultaneously reducing the cost for large-scale deployment of biorefineries for
the entire energy system. These different objectives can sometimes be at odds
with each other, and it is important that the policymaker creates market in-
centives premiering investments in biorefinery configurations that benefit the
entire energy system.
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Future work

Much research regarding emerging biorefinery concepts based on forestry and
forest industry residues have been conducted over the past decade. Although
several biorefinery concepts have been identified as promising from academic
research, there has been a failure for the large-scale deployment of these tech-
nologies. To improve the understanding of this failure and identify biorefinery
concepts that are, or are close to, economically sound investments the uncer-
tainties surrounding the investments must be considered to a greater extent
in academic research. This would enable better information for the devel-
opment of policy support to promote these technologies to reach commercial
deployment. In particular, the work presented in this thesis merely scratched
the surface of the different methods to include the uncertainties surrounding
the investment. Combining several of these methods could provide additional
insights regarding the sensitivity of specific biorefinery concepts to all of the
surrounding uncertainties.

In this work, the market characteristics when simulating the future prices
in Paper VI were assessed using historic market data. This was true both for
the volatility (governing the random market disturbances) and the drift (gov-
erning the expected, average future price developments). However, as has been
discussed, the future policy ambition levels can have significant impacts on the
market development, which can significantly alter the market characteristics.
It could therefore be of interest to combine the simulation of future prices with
a scenario tool, such as ENPAC, to combine the analysis of likeliness that the
investment is profitable with, the market alterations which can occur due to
policy ambitions.

The use of real options provides an interesting future avenue for evaluating
future biorefinery technologies. In this thesis, only the option of postponing
the investment was included in the analysis. This could be complemented with
the value of the flexibility of the specific biorefinery to change production to fit
changing market conditions to evaluate the hypothesis that flexible technologies
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can counteract the significant hurdles facing forest-based biorefineries.
Additionally, for many industry-integrated biorefinery technologies, the in-

vestment in a specific technology will remove the option of investing in another
technology at a later stage, which either could be another technology that is not
mature yet for commercial deployment, or it is not economically feasible due to
current market trends. This could be especially important for host industries
where there are several different types of technology options. For instance, the
investment at a pulp mill in a new recovery boiler will remove the option of
investing in black liquor gasification utilising all on-site available black liquor.
Applying real options theory can provide an opportunity to quantify any effect
from a technological lock-in from investing in certain technologies and thus
forgoing the option of pursuing other technology tracks.
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a b s t r a c t

Fast pyrolysis of lignocellulosic biomass constitutes a promising technology to reduce dependence on
fossil fuels. The product, pyrolysis liquids, can either substitute heavy fuel oil directly, or be upgraded via
e.g. hydroprocessing to diesel and petrol. This study presents a systematic evaluation of production costs
and CO2 mitigation potentials of different fast pyrolysis value chain configurations. The evaluation
considers types of localisations, emissions from electricity and hydrogen production, biomass feedstocks,
and final products.

The resulting production costs were found to be in the range of 36e60 EUR/MWh for crude pyrolysis
liquids, and 61e90 EUR/MWh upgraded to diesel and petrol. Industrial integration was found to be
favoured. The CO2 mitigation potential for the pyrolysis liquids was in the range of 187e282 t-CO2/GWh
biomass. High variations were found when upgraded to diesel and petrol ebest-case scenario resulted in
a mitigation of 347 t-CO2/GWh biomass, while worst-case scenarios resulted in net CO2 emissions.

Favourable policy support, continued technology development, and/or increased fossil fuel prices are
required for the technology to be adapted on an industrial scale. It was concluded that integration with
existing industrial infrastructure can contribute to cost reductions and thus help enable the trans-
formation of traditional forest industry into biorefineries.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Thermochemical conversion of biomass via gasification and fast
pyrolysis (FP) provides a sustainable, environmentally friendly, and
energy-efficient conversion of forest feedstocks into high value-
added products. These conversion technologies constitute a great
potential to replace fossil products in forest rich regions. Upgrading
to liquid products could be of particular interest, since it provides,
compared to solids and gas, advantages in terms of transportation,
storage, and possibilities for retrofitting of current industrial
infrastructure [1].

Sustainable biomass is a limited resource and to maximise the
economic and environmental benefits the entire value chain of the
biomass usage should be evaluated considering e.g. biorefinery
location and size, and feedstock and product choice [2e4]. To
categorise the economic, resource, and environmental performance

of different utilisation options there is thus a need for systematic
evaluation of different utilisation options.

Several studies argue that the FP pathway currently offers the
highest yields of liquid products and the best economic perfor-
mance, compared to the gasification and biochemical pathways
[5e7]. The FP process is a thermo-chemical process which produces
char (solids), pyrolysis liquids1 (PL), and non-condensable gases at
moderate temperatures (around 500 �C), with PL yields up to 75 wt
% [8]. The by-products, char and non-condensable gases, can be
used to provide the heat needed for the FP process, and under
certain conditions, generate a surplus of these products [9].

PL has properties whichmake it suitable for replacing heavy fuel
oil in combustion applications [10], as well as useful as an inter-
mediate product for further upgrading with physical, chemical, or
catalytic processes [11]. This can be done with the PL as the sole
feedstock, or the PL could be mixed with other feedstocks before

* Corresponding author.
E-mail address: jonas.zetterholm@ltu.se (J. Zetterholm).

1 Often referred to as bio-oil or pyrolysis oil, however the product contains water
and is in this study referred to as pyrolysis liquids (PL).
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upgrading e.g. black liquor to utilise the catalytic effect from the
black liquor in gasification [12]. By catalytic upgrading of PL via
hydroprocessing, where hydrogen is used to reduce the oxygen
content in the PL, it is possible to e.g. produce diesel and petrol
range fuels [13]. This is a two-step process where hydrotreating
under mild conditions is followed by hydrocracking under more
severe conditions [14]. The process results in both waste heat and
surplus gases [15], which could be utilised to offset primary energy
sources. The hydroprocessing step could significantly impact the
CO2 performance of the biofuel production from the FP process,
mainly related to emissions from the H2 production [16]. Using
natural gas as feedstock for the H2 production can result in high CO2
impact, while using renewable electricity or biomass to produce the
H2 can result in significantly improved CO2 performance [16,17].

For many biofuel and biomass upgrading concepts, it is advan-
tageous to integrate the process with other industries to gain
benefits related to e.g. use of industrial by-products as feedstock,
cascade utilisation of excess heat and intermediate products,
sharing of utilities, and use of industrial know-how, and knowl-
edge, see e.g. Refs. [18e20]. There are several types of FP reactors,
such as fluidised beds, rotating cone reactors, and ablative reactors
[1], where particularly the circulating fluidised bed makes the
process suitable for integration with fluidised bed boilers [21]. This
has been done on a demonstration scale where a circulating flui-
dised bed reactor was integrated in a CHP (combined heat and
power) plant in Joensuu, Finland [22].

Integrating a FP process with a CHP plant in a district heating
(DH) network can provide benefits related to e.g. heat integration,
logistics, utilisation of surplus char from the FP process, as well as
increasing the annual operating time for the CHP plant [23,24]. This
could improve the overall energy efficiency, and decrease the PL
production cost. Since many DH networks may in the future face
stagnating or decreasing heat loads due to more energy-efficient
buildings, climate change, competition from other heating sys-
tems and market saturation [25], this could provide a benefit for
CHP plant operators. However, depending on the configuration of
the integration and the feedstock, the benefits from integration can
vary, and may not necessarily result in a better economic perfor-
mance, compared to a stand-alone FP plant [21].

Different feedstocks can be utilised for FP, and for forest-rich
countries, the utilisation of residues from forestry and the forest
industry can be of interest. By integrating FP production at an in-
dustrial site (e.g. forest industries) and using industrial by-products
as feedstock (e.g. sawmill residues), there is a possibility to increase
the overall process performance by heat integration and elimi-
nating costs and emissions related to transport of the feedstock
[26].

Integration with a pulp and paper mill has been shown to have
economic advantage for the FP process [27]. A plant with high
steam demand has a boiler on site that could be used for providing
heat for the FP process. The boiler would also provide an offset for
by-products such as char, which would reduce the need for import
of new biomass to the site to satisfy the mill steam demand. Saw-
mills could also provide an advantageous integration option with
the possibility to both use by-products on site and provide benefits
for heat integration. Utilisation of sawmill by-products was inves-
tigated for a Canadian case, where an FP process using sawmill by-
products was evaluated and found beneficial from a GHG perfor-
mance perspective [28]. The study however considered no indus-
trial integration other than usage of the by-product and no
economic evaluation was performed.

Several parameters may have a significant impact on the overall
system performance of the FP value chain; such as feedstock choice,
downstream upgrading and utilisation, and facility localisation,
including integration options. Regional differences can influence

the economic feasibility of biofuel production, especially depend-
ing on feedstock availability [29]. Furthermore, a large number of
studies have considered FP followed by hydroprocessing for the
production of transportation fuels, which has shown to be prom-
ising in terms of economic and environmental performance [30,31].
It should be noted that the hydroprocessing of PL is not yet com-
mercialised, and still needs further research. The source of H2 has a
significant impact on the GHG performance of the produced
transportation fuels, where H2 from natural gas can contribute over
50% of the net well-to-wheel GHG emissions [16].

In the literature, investigations of different FP process and
supply chain configurations can be found, including integration
options, from an economic and GHG performance perspective.
However, a systematic study evaluating different value chain con-
figurations regarding environmental as well as economic perfor-
mance, considering different integration opportunities and end
products, largely seems to be lacking. As a number of trade-offs can
be identified regarding value chain configuration selections when
upgrading the PL to higher value products, a systematic evaluation
of different configuration options is needed in order to make those
trade-offs more explicit and visible. This evaluation would also be
useful regarding selection of types of industries that are of interest
for further research for integration of the FP process.

The overall aim of this work is to identify FP based value chain
configurations with high economic and environmental perfor-
mance, measured as costs for production from well-to-gate, and
CO2 mitigation potential from well-to-use. This is done by per-
forming a systematic analysis of the economic and CO2 perfor-
mance of biofuel2 production from FP of lignocellulosic biomass,
depending on choice of (i) localisation, and (ii) end-product. Im-
pacts on the value chain performance resulting from on the one
hand the industrial integration, and on the other hand of the
upgrading of PL to diesel and petrol, will be quantified in terms of
economic and CO2 performance. The country of Sweden is used as a
case study due to its well-developed forestry sector and forest in-
dustry, which provides knowledge of large-scale operation of
biomass supply chains, as well as integration opportunities. While
the emphasis is on Swedish conditions, the results are applicable
for other similar forest rich regions.

A previous investigation of Swedish conditions estimated the
economic performance of PL production via stand-alone FP, FP in-
tegrated with CHP plants in district heating systems, and FP inte-
grated with pulp and paper mills, showing economic advantages
for industrial integration [27]. However, the study lacked evalua-
tion of integration opportunities at sawmills, which could be of
interest in the Swedish context. While the study has important
merits regarding the evaluation of the economic performance,
evaluation is lacking of the GHG performance, as well as an analysis
of the impact of the surrounding system in terms of biomass and
electricity usage. Due to the newly introduced emission reduction
mandate for diesel and petrol in Sweden [32], which has the aim of
promoting biofuels with high GHG performance, GHG evaluation of
biofuels have further increased in importance.

To evaluate the benefits of integration, a stand-alone case is in
this study compared with cases integrated with CHP plants in
district heating systems, pulp and paper mills, and sawmills. The
value chains will be evaluated with crude PL as a product for
replacement for heavy fuel oil, as well as PL upgraded to higher
value products via hydroprocessing to liquid transportation fuels,
as a replacement for fossil transportation fuels.

2 The term ”biofuel” is in this study used to denote bio-based liquid fuels for use
in either transportation (upgraded PL), or in stationary combustion applications
(crude PL).
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2. Method and input data

The studied FP value chains were evaluated using a static
spreadsheet heat and mass balance model. Data for the model was
based on FP and hydroprocessing process data published in the
open literature in Refs. [9,15,21,33]. A well-to-gate approach was
used for evaluation of the biofuel production cost. For the inte-
grated cases two options were evaluated; (1) simultaneous in-
vestment in biofuel production and a new boiler, representing an
alternative where the existing boiler was assumed to be in need of
replacement, and (2) integration with existing boilers. The eco-
nomic and CO2 performance is evaluated for each value chain
configuration compared to the reference without biofuel produc-
tion. For investment option 1, this means investment into the new
boiler without biofuel production, whichmeans that a credit for the
alternative investment is received for the biofuel investment.

For the CO2 performance, a WTW perspective was adopted to
capture all emissions caused by the production, as well as mitigated
emissions from displaced fossil fuels. Two final products were
considered; (i) crude PL for use in combustion applications, and (ii)
PL upgraded to diesel and petrol via hydroprocessing for usage as
transportation fuel.

This work uses consistent assumptions for four different pro-
duction localisations; stand-alone (SA), integrated with a CHP plant
in a district heating system, integrated with a pulp and paper mill,
and integrated with a sawmill. For the integration cases, generic
hosts were assumed. The biofuel production system with system
boundaries for the economic and CO2 evaluation is illustrated in
Fig. 1 and described more in detail in the following sections.

2.1. Process description

This section describes the configuration and performance of the
biofuel production route chosen for this study. The evaluation of

the technical performance of the FP process was based on data from
the VTT process as reported in Refs. [9,21].

Two different feedstocks were considered; wood chips (WC),
and forest residues (FR). The feedstock is first dried from amoisture
content of 50 wt% to 8 wt% and ground to small particle sizes of
5 mm [9]. The thermal efficiency for the feedstock dryer was
assumed to be 55% [34], utilising district heating (DH) (hot water at
97 �C, 0.9 bar(a)). The size of one individual FP reactor was set to
15 t-dry feed/h [35] (72nd MW biomass) corresponding to 52 and
43 MWth of PL production for wood chips and forest residues,
respectively. All production routes were considered with and
without hydroprocessing for upgrading into diesel and petrol,
hereafter called transportation fuels. The waste heat and non-
condensable gases from the hydroprocessing unit were assumed
to replace fuel in the boiler on site. The waste heat was assumed to
replace fuel with an 80% efficiency.

The energy andmass balance of the process for the two different
feedstocks are shown in Fig. 2, based on [9,33]. The data is nor-
malised to one unit of PL output, both for the mass and the energy
balance.

2.2. Localisations

In this section, the configuration for each type of facility local-
isation is described as well as how the performance was assessed.

For the localisation at an industrial site that currently has a
boiler suitable for integration of the FP process (valid for CHP plants
and pulp and paper mills), investment options 1 and 2 were
considered. For investment option 1 the host industry was assumed
to either invest in a new standard configuration boiler/plant, or in a
new plant with biofuel production integrated ewhile still fulfilling
the host industry's base utility requirements (heat/steam). For the
sawmill localisation, no integration with the current boiler was
investigated, since it was assumed that the current, low efficiency,
heat only boiler is unsuitable for FP integration.

2.2.1. Stand-alone
With a stand-alone localisation there is an opportunity to localise

the facility in a geographical area with a large availability of feed-
stock, resulting in shorter transportation distances of the feedstock.
The stand-alone configuration was assumed to follow the configu-
ration presented in Ref. [9] with an annual operating time of 7838 h.
The size of the facility was limited to one single FP reactor and in the
case of surplus char, it was assumed to be sold to themarket as a fuel.

2.2.2. CHP integration
The integrationwith a generic CHP plant was assumed to have a

DH production capacity of 71 MWth during 5000 annual operating
hours, representing an averaged sized boiler for a Swedish DH
network.

It has been shown that by integrating a FP process in a CHP plant
in a DH system, there is an opportunity to increase the annualFig. 1. Biofuel production system.

Fig. 2. Energy (LHV) performance and demand of the studied FP production routes, adapted from Refs. [9,33], WC: wood chips, FR: forest residues, TF: transportation fuels.
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operating hours by 57%, by allowing for continued operation at low
DH load [24]. This work used a static model for the performance
estimations, meaning that no seasonal variation in the DH load was
considered. Therefore, it has been assumed that there is an op-
portunity to increase the annual operating hours by 20% with
sustained DH load in the network.

2.2.2.1. Option 1: alternative investment. As an alternative invest-
ment to biofuel production, a new investment in a state of the art
boiler and steam turbine was assumed, operating with HP steam
data of 600 �C/161 bar(a) [36]. The reference boiler was dimen-
sioned to satisfy the same DH demand as for option 1 above (71
MWth heat) without a condensing turbine, thus resulting in a
reference CHP plant with boiler fuel load of 108 MWth, and an
electricity output of 28 MWel.

For the new plant with integrated biofuel production, the FP
production was limited to one single FP reactor, resulting in 52 and
43 MWth of PL when using wood chips and forest residues as
feedstocks, respectively. The boiler sizewas increased (compared to
without biofuel production) to satisfy high-temperature heat for
the FP process, and the steam flow was increased to satisfy addi-
tional DH demand from the dryer.

2.2.2.2. Option 2: integration in an existing boiler. For the analysis of
integrationwith an existing CHP plant, a CHP plant with a fuel input
of 121 MWth was considered, with an output capacity of 71 MWth
DH and 38 MWel of electricity, with high-pressure (HP) steam data
of 540 �C/140 bar(a) [37].

An increase in the thermal fuel load in the boiler by 10% was
assumed based on our own estimations. No major modifications of
the current steam systemwere assumed for the integration of biofuel
production. Because of this, the totalHP steamflow, temperature, and
pressure were kept constant compared to reference operation.

The performance impact of the steam cycle by the integration of
an FP process was assessed with an idealised heat andmass balance
model, as illustrated in Fig. 3. The biofuel production capacity was
maximised given constraints on the boiler and the electricity pro-
duction was maximised by optimising the internal steam flows.

2.2.3. Pulp and paper mill integration
The FP integration in a pulp and paper mill was assumed to take

place at an integrated bleached kraftliner mill. The type of mill was
chosen due to a relatively high steam demand, and the corre-
sponding availability of a large bark boiler. The mill has an annual
production of 3100 ADt/d of linerboard with an annual operating
time of 7838 h, and uses a bark boiler with a thermal fuel load of 59
MWth and HP steam data of 505 �C/100 bar(a) [38].

The recovery boiler operation is unaffected by the FP integration
andwas assumed to continue to operate at maximum capacity with

no increase in either fuel load or steam flow. High-temperature
heat was assumed to be satisfied from the bark boiler and all
steam data was kept equal to that of the reference mill. In Fig. 4 a
schematic overview of the steam network configuration for the
reference mill with biofuel production is presented.

2.2.3.1. Option 1: alternative investment. As an alternative invest-
ment to biofuel production, a new investment in a new 59 MWth
boiler and steam turbine was assumed, operating with the same HP
steam data as reference. With integrated biofuel production, the
capacity was limited to one single FP reactor, resulting in 52 and 43
MWth of PL when using wood chips and forest residues as feed-
stocks, respectively. The boiler size was increased (compared to
without biofuel production) to satisfy the demand of high-
temperature heat for the FP process, and the steam flow was
increased to satisfy additional heat demand from the dryer.

2.2.3.2. Option 2: integration in an existing bark boiler.
Integration with the existing boiler on site was assumed to be
limited by a maximum increase of the thermal fuel load in the bark
boiler by 10%. No major modifications of the steam network were
assumed, but an increase in the HP steam production from the bark
boiler of 10% was assumed.

The performance impact of the steam cycle by the integration of
biofuel production was assessed with an idealised heat and mass
balance model. The biofuel production capacity was maximised
given constraints on the boiler and the electricity production was
maximised by optimising the internal steam flows, given that the
steam data was equal to that of the reference case.

2.2.4. Sawmill integration
The integration in a sawmill was done using generalised data for

a typical sawmill in Sweden [39] with an annual operating time of
7838 h. Standard operation of the sawmill yields by-products in the
form of wood chips, sawdust and bark. A part of the by-products
(mainly sawdust and bark) is used in a boiler to produce heat for
the mill's internal heat demand (drying of the sawnwood). Surplus
by-products are exported to the market, where particularly wood
chips have a significant value as fibre feedstock to the pulp industry.
Sawdust can be used to produce pellets, and bark may have a local
market value as fuel, although in general significantly lower than
the wood chips and sawdust.

For this study, two sawmill sizes were investigated; a small and
a large sawmill with a production of 50,000 m3/a and 500,000 m3/a
of sawn lumber, respectively. At standard operation, this type of
mill typically operates a low-efficiency boiler unsuitable for
integration of a FP reactor. For this reason, only the alternative

Fig. 3. Schematic illustration of the idealised heat and mass balance model used to
analyse the thermodynamic performance of a FP process integrated in an existing
boiler in a CHP plant.

Fig. 4. Schematic view of the steam network for the integrated bleached kraftliner
mill, based on [38]. HP ¼ high pressure, IP ¼ intermediate pressure, MP ¼ medium
pressure, LP ¼ low pressure.
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investment case was applied for the sawmill (option 1).
The alternative investment considered for the sawmill was a

high-efficiency heat only boiler (90% boiler efficiency), resulting in
a boiler fuel load of 4.8 and 48 MWth for the small and large
sawmill, respectively.

With the integrated FP process, the biofuel production capacity
was dimensioned to utilise all wood chips by-products at the mill,
excluding bark and sawdust. Bark has a too high ash content e

resulting in low yield of liquid products [9], and sawdust is assumed
to be exported for pellets production (not considered explicitly
here). It was assumed that the process is configured with in-
vestments in a high-pressure steam boiler and back-pressure steam
turbine to satisfy the heat demand for the biofuel production as
well as the heat demand for drying at the sawmill.

2.3. Biomass feedstock availability and transportation

Biomass usage for biofuel production was calculated from the
net biomass usage of the value chain, compared to the reference
without biofuel production. The total availability and annual har-
vesting potential for the two feedstocks (wood chips and forest
residues) were calculated based on the estimated average har-
vesting potentials for Sweden [40]. Data for pulpwood from thin-
ning and final felling were used to estimate the availability of wood
chips, and data for branches and tops from thinning and final felling
to estimate the forest residues' availability. Ecological harvesting
potentials were applied, i.e. potentials after a set of restrictions
defined by the Swedish Forest Agency were applied regarding
forest residue removal [40].

Different forest densities were assumed depending on the plant
localisation. Stand-alone and pulp and paper mills were assumed to
be located in areas of higher forest density, compared to the average
forest density in Sweden. However, for the pulp and paper mill, it
was also assumed that there already is a high utilisation of the
pulpwood, thus reducing the availability of wood chips. CHP plants
are located near cities in more heavily populated areas, for which
reason lower forest availability was assumed close to the CHP
plants. The assumed forest availabilities are summarised in Table 1.

The transport distances for the biomass to the plants were
calculated assuming a circular harvesting area around each
considered site, with the average transport distance calculated
according to Equation (1) [41]:

D ¼ t

�
2R
3

�
(1)

Where R is the radius of the harvesting area around the facility,
and t is the tortuosity factor accounting for winding roads set to 1.4
[42].

2.4. Economic evaluation

The economic performance of the process was estimated for the
well-to-gate biofuel production cost within a 2022 time frame,
which is an expected time frame for research development for

many of the technologies [43]. This was done including CAPEX,
OPEX, cost for the system net biomass and electricity usage, and
biomass transport.

Capital investments for the FP and hydroprocessing units were
based on data presented in Ref. [43], which is comparable with
other investment cost estimations presented in the literature, see
e.g. Refs. [8,9,27]. Equipment costs, shown in Table 2, were adjusted
to the considered value year of 2015 using the Chemical Engi-
neering Plant Cost Index (CEPCI).3 The CAPEX was translated to an
annual capital cost with a capital recovery factor (CRF) of 0.1, which
for example represents a lifetime of 20 years and an interest rate of
8%. The cost for operation and maintenance (O&M) was set to 4% of
the capital investment.

When integrating the production with an existing boiler, the
capital investment for the FP unit was decreased by 8.6% and 11%
for wood chips and forest residue feedstocks, respectively,
compared to a stand-alone investment [21]. The reason is that the
need for investment in a char combustor is removed, but the boiler
still needs to be heavily modified to allow for extraction of heat to
be used in the FP reactor. No additional capital cost related to
benefits for integration was assumed. However, there is a possi-
bility that the feedstock handling system, and possibly the O&M
cost, could be lower for the integration cases, compared to stand-
alone operation.

Commodity prices, based on current price levels, and central
cost assumptions are summarised in Table 3 by-products such as
char and electricity were assumed to be used primarily to satisfy
the internal energy demand of the industrial host. Char replaces
biomass fuel on site and in the case of surplus char, this was
assumed to be sold to the market where it replaces fossil coal. A
surplus or deficit in the electricity production on site is sold to or
purchased from the electricity market and electricity certificates
are rewarded for new installed renewable electricity production.

The cost for biomass transports was calculated according to
Equation (2) [26]:

Ct ¼ a$EBM$Dþ b$EBM (2)

where EBM is the annual biomass demand, D the average transport
distance, a is the variable transport cost component of 30.4 EUR/
GWh/km and b the fixed transport cost component of 866 EUR/
GWh [26].

2.4.1. Sensitivity analysis
Sensitivity analyses were performed on major parameters

influencing the production cost of PL and transportation fuels.
Table 4 shows the varied factors.

2.5. CO2 emission performance

A well-to-wheel perspective was used to estimate the CO2
emissions. Biofuel produced from the different process configura-
tions was assumed to replace either heavy fuel oil or petrol and
diesel of a 1:1 energy ratio. The CO2 mitigation potential was
evaluated per unit of biomass used, compared to the reference case
with no biofuel production. All emission factors used for the cal-
culations are presented in Table 5.

The electricity market was assumed to be a fixed demand
market, where an increase or decrease in electricity production is
met by increase or decrease in production from the market. Two
different electricity mixes were considered; Nordic electricity mix,
and Nordic marginal electricity. The Nordic electricity mix has a

Table 1
Average availability and modification to the availability of biomass for the different
localisations as described in the text. The percentages are based on own estimations.

Wood chips Forest residues

Average biomass availability [MWh/km2/a] 153 69
Stand-alone þ20% þ20%
CHP �20% �20%
Pulp and paper mill �50% þ20%

3 Exchange rates: 1.1 USD/EUR2015 [57], 0.14 USD/SEK2010 [58].
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large share of hydropower, and thus the CO2 emissions are low.
However, themarginal electricity producer changes during the year
and in this work average emissions from the marginal electricity

producer as expected in 2025 were used [50].
Co-products from the process in the form of char and electricity

were primarily used to offset import to the production site of
external fuels and electricity, where char was assumed to replace
biomass. In the case of surplus char and electricity, it was sold to the
market where char was assumed to replace fossil coal, and elec-
tricity to replace the assumed electricity mix, average electricity
mix or marginal electricity.

Two production alternatives for H2 were investigated; natural
gas (NG) steam reforming, and electrolysis. The ratio of electricity
to H2 for production via electrolysis is 1.6 [51]. The resulting CO2
emissions for the different production alternatives, considering
average electricity mix as well as marginal electricity producer for
the electrolysis alternatives, are presented in Table 5. H2 was
considered as imported to gate, and emissions from transportation
of H2 were not considered.

3. Results

The results are presented divided on the respective product (PL,
and transportation fuels), to illustrate the implication of the specific
value chain configurations for the different end product choices.
Results are shown for the well-to-gate production cost, as well as
the well-to-wheel CO2 mitigation per unit of biomass used,
considering two different electricity mixes and two different H2
production alternatives.

3.1. Energy balances

The resulting annual energy balance for each type of localisation
and configuration, quantified as impact on the surrounding system
(compared to a reference case without biofuel production), is pre-
sented in Table 6f.

It can be noted that the annual production of biofuels (crude or
upgraded to transportation fuel quality) for the different types of
localisations for the different cases are of similar sizes, except for
the sawmill localisation. The sawmill localisation was, contrary to
the other localisation types, dimensioned for the availability of
wood chips on site rather than according to a specific heat demand
or boiler capacity. With two different considered sawmill sizes, this
resulted in biofuel production significantly smaller and larger,
respectively, compared to the other localisation cases.

Table 3
Cost and price data.

[EUR/MWh] Source

Wood chips 16.4 [46,47]
Forest residues 16.2 [46,47]
Bark 13.4 [46,47]
Char 16.4 [46,47]
Electricity 21.0 [48]
El. certificate 14.3 [49]
H2 62 [26]
CRF 0.1 Assumed
O&M 4% of investment Assumed

Table 4
Sensitivity analysis. Parameters were varied from the base values given in Tables 2
and 3

Biomass pricea ±50%
Electricityb ±50%
H2 ±50%
Capital investmentc ±50%

a Biomass price includes wood chips, forest residues, bark, and char.
b Market electricity price, excluding electricity certificates.
c Capital investment for FP and hydroprocessing unit.

Table 5
Emission factors.

t-CO2/GWh Source

Heavy fuel oil 293 [52]
Diesel/petrol 282 [52]
Fossil coal 382 [52]
Average electricity mix 95 [53]
Marginal electricity production 571 [50]
H2 (electrolysis) (el. mix) 152 [51,53]
H2 (electrolysis) (marginal el) 915 [50,51]
H2 (Natural gas) 299 [54]
Biomass harvest a 1.5 [26]
Biomass transport 29.4/km [26]

a Utilisation of biomass is considered CO2 neutral.

Table 2
Investment cost function for different equipment considered. C is the capacity of the flow, which the cost is scaled against, in MW.

Investment cost function:INV ¼ a$Cb ½MEUR2015�
Equipment Feedstock Range (C) [MW] a b Flow which cost is scaled against Source

Including char combustor FP unit Wood chips <52 3.3 0.7 PL flow [43]
52e108 3.4 0.7

Forest residues <43 3.8 0.7 PL flow [43]
43e89 3.9 0.7

FP þ hydroprocessing Wood chips <52 3.9 0.7 PL flow [43]
52e108 4.0 0.7

Forest residues <43 4.4 0.7 PL flow [43]
43e89 4.6 0.7

Excluding char combustor FP unit Wood chips <52 1.6 0.7 PL flow [43]
52e108 1.8 0.7
108e161 2.0 0.7

FP þ hydroprocessing Wood chips <52 1.6 0.7 PL flow [43]
52e108 1.8 0.7
108e161 2.0 0.7

High-pressure steam boiler 2.82 0.7 Boiler fuel load a

Steam cycle 2.21 0.67 El production [44]
Heat only boiler <30 1.36 0.89 Boiler fuel load [45]

>30 2.56 0.70 Boiler fuel load

a Own assumption. Assumed as 10% higher than the heat only boiler.
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3.2. Economic and CO2 performance

3.2.1. Crude pyrolysis liquids
The economic and CO2 performances for crude PL for the

different value chain configurations are shown in Fig. 5.
The resulting production cost of crude PL was in the range of

36e60 EUR/MWh, which can be compared to the average price of
heavy fuel oil in the EU of 32 EUR/MWh, excluding CO2 and energy
tax [55]. The results show that despite a higher feedstock cost,
wood chips based PL production results in a lower production cost
compared to the forest residues based PL production, due to the
higher liquids yield. For the localisation, integration with pulp and
paper mills, and large sawmills was found to be favourable. The
small sawmill localisation has a significantly higher specific in-
vestment cost, due to the investment in a steam turbine, which is

not sufficiently compensated by the produced electricity. The low
production cost at the large sawmills can be attributed to the
significantly larger capacity and corresponding lower specific in-
vestment costs.

An advantage was found for the alternative investment case
compared to integration with an existing boiler, with a reduced
production cost of 3e8%. This can in large part be explained by the
reduced CAPEX, since credit from the alternative investment was
received. Additionally, the boiler can be dimensioned based on the
heat demand of the industry as well as on the FP process, mitigating
reduced performance from the steam cycle from the limitations of
an existing boiler.

Compared with stand-alone (SA) operation, benefits for the
production cost of PL were found for integration with an existing
boiler at a pulp and paper mill (10e13% lower than stand-alone).
For the CHP plant, no benefit for the wood chips based produc-
tion was found while the production cost for the forest residues
based production was found to be higher in the integrated case
than in the stand-alone case (6% increase). This can be explained by
the additional revenue generated from surplus char in the stand-
alone case.

With the average electricity mix perspective, the well-to-wheel
CO2 emission reduction was found to be in the range of 187e282 t-
CO2/GWh biomass, where the pulp and paper mill localisation was
especially favourable mainly explained by the low specific biomass
usage. The localisation with a CHP plant resulted in lower CO2
mitigation potential compared to the stand-alone localisation,
except for the wood chips based production integrated with an
existing boiler. The sawmill localisation resulted in a performance
comparable with the stand-alone localisation. Since this study used
a linear scaling for the yields and the specific biomass cost, the CO2
performance for the small and large sawmills was equal.

Applying a marginal electricity perspective, the CO2 mitigation
potential became 195e274 t-CO2/GWh biomass. With the marginal
electricity perspective, all configurations that result in net elec-
tricity export, compared to a reference system without biofuel
production, show particularly large reduction potentials. These
cases were the sawmill localisations, where investment in a steam
turbine was assumed, as well as the alternative investment case for
the CHP plant. Integration was for all cases beneficial from a CO2
mitigation perspective compared to stand-alone localisation,
except for the forest residues based production integrated with an
existing boiler at a pulp and paper mill, where a small disadvantage

Table 6
Annual systemmass (for biomass and biofuel products) and energy balances (LHV), compared to the reference systems without biofuel production, WC: wood chips, FR: forest
residues. Negative values indicate net import to the production site, positive values net export.

SA Option 1: Alternative investment Option2: Integrated with existing boiler

CHP Pulpmill Sawmill CHP Pulpmill

WC FR WC FR WC FR Small Big WC FR WC FR

Operating time [h/
a]

7838 7838 6000 6000 7838 7838 7838 7838 6000 6000 7838 7838

Crude PL for use in stationary combustion applications [DGWh/a]/[Dkton/a]
Biomass �560/

�243
�543/
�235

�488/
�211

�430/
�186

�490/
�212

�418/
�181

�137/
�59

�1369/
�594

�554/
�240

�431/
�187

�321/
�139

�241/
�105

Electricity �16/- �20/- 59/- 61/- 3/- 3/- 19/- 194/- 24/- 3/- �32/- �39/-
Char 0/0 73/9 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
PL 408/92 337/83 312/70 258/63 408/92 337/83 90/20 899/203 428/96 312/77 317/72 246/60
Upgraded PL to diesel and petrol [DGWh/a]/[Dkton/a]
Biomass �542/

�235
�543/
�235

�364/
�158

�327/
�142

�319/
�138

�276/
�120

�112/
�48

�1115/
�484

�384/
�167

�307/
�133

�188/�82 �138/�60

Electricity �20/- �24/- 59/- 61/- 3/- 3/- 19/- 194/- 24/- 3/- �32/- �39/-
Char 153/22 214/26 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
H2 �178/�5 �147/�4 �136/�4 �113/�3 �178/�5 �147/�4 �39/�1 �393/�12 �187/�6 �136/�4 �139/�4 �108/�3
Diesel/petrol 401/34 331/28 307/26 254/21 401/34 331/28 88/7 884/75 421/36 306/26 312/26 242/20

Fig. 5. Production costs and CO2 emissions from crude PL production, WC: wood chips,
FR: forest residues.
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for the integration configuration can be seen. This can be explained
by the emissions from electricity generation.

3.2.2. Transportation fuels
Producing transportation fuels via hydroprocessing of the PL

increases the capital investment and introduces an additional cost
for purchased hydrogen. The production cost for the different value
chain configurations for transportation fuel production is shown in
Fig. 6.

The resulting production cost of transportation fuels ranged
between 61 and 90 EUR/MWh. This can be compared with the
average price in EU for diesel of 53 EUR/MWh, without taxes [55].
Compared with production of PL, the production cost increased by
24e29 EUR/MWh biofuel, mainly related to the cost of purchased
H2, which contributed to a cost of 29 EUR/MWh. Similarly, as for the
crude PL production, biofuel production integrated with pulp and
paper mills and large sawmills resulted in lower production costs
compared to stand-alone localisation. Correspondingly, the alter-
native investment cases resulted in slightly lower cost for produc-
tion than the cases integrated with an existing boiler (2e6%).

The CO2 emissions for the transportation fuels production of the
two H2 production scenarios, natural gas steam reforming and
electrolysis, are presented in Fig. 7.

Compared to the production of crude PL (Fig. 5), the CO2 per-
formance was in most cases reduced for the production of trans-
portation fuels, due to the emissions from the H2 production.

However, due to the consideration of the excess heat and gases
from the hydroprocessing, some configurations improved their CO2
performance, given what can be termed “favourable conditions for
the H2 production”. In this study, favourable conditions are typi-
cally represented by electrolysis based production using the
average electricity mix to represent CO2 emission. Under those
conditions, the CO2 mitigation potential for upgraded biofuels
amounted to 181e347 t-CO2/GWh of biomass. This can be
compared to the production of crude PL, which resulted in a CO2
mitigation potential of 187e282 t-CO2/GWh of biomass. The stand-
alone and pulp mill integrated alternatives resulted in a better CO2
performance when considering PL upgraded to diesel and petrol,
compared to the production of crude PL. This was the result of a
large favourability in the usage of the waste heat and gas from the
hydroprocessing unit.

The other extreme, with high CO2 emissions from H2 produc-
tion, was here represented by electrolysis based production
applying a marginal electricity perspective. Under those conditions,
the results ranged from (at best) close to zero CO2 mitigation po-
tential, to (at worst) significant net CO2 emissions from the system.
Displaced fossil fuels were in the cases with net CO2 emissions not
sufficient to offset the emissions from the electricity used for the
production of H2.

The alternative with H2 production from natural gas, can be said
to represent the current situation. This CO2 emission scenario
resulted in almost no impact on the CO2 performance (compared to
crude PL production) for the stand-alone localisation. As a contrast,
the CO2 performance for the integrated cases was reduced by
35e107 t-CO2/GWh of biomass. The reason is that FP with
upgrading to diesel and petrol produces an excess of char when
operated as stand-alone. The char can be exported from the site,
where it was assumed to replace fossil coal. This resulted in a
drawback in terms of CO2 performance for the integrated cases,
compared to the stand-alone operation.

Benefits were found from integration for almost all cases for the
wood chips based production. The forest residues based production
resulted in general in a lower CO2 mitigation potential with inte-
gration, compared to stand-alone operation. The reason is due to
the surplus char for the stand-alone case being exported for
replacement of fossil coal, instead of replacing biomass in the boiler
on site. Similar to the crude PL cases, integration when considering
the alternative investment cases was shown to be beneficial from a
CO2 mitigation perspective compared to stand-alone localisation
when considering the marginal electricity perspective. This can
again be explained by the benefits from higher electricity produc-
tion. For the average electricity mix perspective, integration into an
existing boiler resulted in better performance.

3.3. Sensitivity analysis

A sensitivity analysis was performed for the production cost for
the different value chain configurations, by independently varying
important parameters. The results are presented in Fig. 8, for both
crude PL and transportation fuel as end products.

Changes in the electricity price had a small impact on the pro-
duction cost for all cases, whichwas to be expected since electricity,
in general, had a low impact on the production cost. The figure does
not show the sensitivity analysis of the impact of the H2 price,
where a ± 50% variation results in an impact of ± 13.8 EUR/MWh
(15e23% of the production cost) for the transportation fuel pro-
duction cost.

The biomass price had the largest influence on the production

Fig. 6. Production cost for transportation fuel production, WC: wood chips, FR: forest
residues.

Fig. 7. CO2 performance for transportation fuels production with natural gas based H2

production (top), and electrolysis based H2 production (bottom). WC: wood chips, FR:
forest residues.
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cost of crude PL. An increase in the biomass price by 50% resulted in
a production cost increase in the range of 19e34%. For the invest-
ment cost, the production cost increase became 13e25%. Regarding
the production cost of transportation fuels, the higher specific
capital cost resulted in a comparable sensitivity to investment cost
and biomass price. A 50% increase in the biomass price and in-
vestment cost thus resulted in a production cost increase of 7e16%
and 10e20%, respectively.

In general, integration with existing boilers resulted in a higher
variation of the end-product cost depending on the investment
cost, compared to the alternative investment case. This can be
explained by the credit received from the alternative investment,
which resulted in a lower specific capital requirement.

4. Discussion

The results showed economic benefits from the integration of
FP-based value chains with different types of industrial hosts (CHP
plants, pulp and paper mills, and large sawmills), which also con-
firms results from previous studies [27]. With the exception of
small sawmills and production integrated with existing CHP
boilers, integration can result in production cost reductions for
crude PL in the range of 2e15%, compared to stand-alone produc-
tion. For PL upgraded to transportation fuels, the same analysis
showed a reduction of the cost for production of up to 13%. On the
other hand, certain cases (integrated with a CHP plant and with a
small sawmill) showed no cost reduction potential, compared to
stand-alone production. The main reason for this is the reduced
capital investment due to the integration. Depending on the value
chain configuration, additional revenues from co-production of
electricity, as well as lower specific biomass costs, also contribute to
the lower production cost. Since no benefits from integration
regarding e.g. O&M costs, feedstock handling, or utilisation of
existing personnel and infrastructure were considered, the pro-
duction costs for the integrated cases may be slightly
overestimated.

For the integration cases, economic benefit was found when
considering the alternative investment case compared to integra-
tion with an existing boiler, resulting in a reduced production cost
for PL and transportation fuels of 3e8% and 2e6%, respectively. If a
site already needs to invest in a new boiler, benefits can be found in
simultaneous investment in biofuel production facilities, thus also
making it possible to optimise the boiler and steam network ca-
pacity to satisfy both industrial and biofuel production heat
demand.

From a CO2 mitigation perspective, the results were less
conclusive regarding potential benefits from integration. The per-
formance for integrated value chains compared to stand-alone
production was heavily influenced by considered emissions from
electricity generation for most configurations.

It should be noted that in this work an integrated kraftliner
paper mill was considered as the pulp and paper mill integration
option. This mill is characterised by a high process steam demand,
meaning that the site in reference operation without biofuel pro-
duction has a large bark boiler for steam production, in addition to
the recovery boiler. Mills with relatively smaller (or no) bark boiler
would most likely see lower benefit from the integration. Also, the
mill applied as a case here represents a state-of-the-art mill from
the literature. The case for integration into an existing boiler might
for this reason not be completely comparable with the case
considering integration into an existing boiler at a CHP plant, where
the CHP plant in this study represents an “averaged sized Swedish”
CHP plant. Some caution should thus be applied in the comparison
of these two configurations.

Small sawmills resulted in a significantly higher biofuel

production cost, due to the generalised configuration with invest-
ment in a steam turbine, which penalises small-sized mills. A
process design optimised for small sawmills, i.e. excluding the
turbine, would likely lead to improved economic performance.

The additional cost for upgrading the crude PL to transportation
fuels was shown to range between 24 and 29 EUR/MWh, where 28
EUR/MWh was related to the cost of H2. The addition of an
upgrading step for the production of transportation fuels was also
shown to in some cases to lead to significant deterioration
regarding CO2 performance, compared to production of crude PL,
due to emissions related to H2 production. This work used the
natural gas and electrolysis based production routes of H2 as ex-
amples of different CO2 emissions related to the production. To
reach high CO2 mitigation it is therefore important to ensure low
CO2 emissions related to the production of H2. One option for
reduced CO2 emissions related to the H2 use could be on site H2
production via gasification of biomass. However, it is more likely
that the PL will be transported to an oil refinery for upgrading than
the H2 used being produced on site from biomass or electrolysis.

Although production of transportation fuels was shown to suffer
from both increased costs related to the upgrading, and lower CO2

mitigation potential, compared to crude PL production, this
pathway can still be assumed to be of significant interest. This is
particularly true for countries like Sweden, where the transport
sector is still heavily dominated by fossil fuels, while heavy fuel oil
has to a large extent been phased out over the last decades, due to
successful policy instruments [56]. Since hydroprocessing of PL is
currently under development, the results from this study on the
production of transportation fuels are uncertain, both in terms of
production cost and CO2 performance. To fully evaluate trans-
portation fuel pathways, alternative upgrading pathways should
also be considered. As an example, centralised upgrading could
achieve significant economy of scale benefits from the hydro-
processing unit, which could outweigh the additional costs for the
transportation of crude PL. An even more likely pathway could be
the integration of the upgrading step in a refinery, where existing
fossil-based process equipment could be utilised. This would
however probably entail co-processing with fossil feedstock, for
which reason this was left out of this analysis.

As discussed above, emissions from electricity production were
shown to have a significant impact on the CO2 performance of the
value chain configurations, particularly for the upgraded trans-
portation fuel cases. When considering a marginal electricity pro-
duction perspective and the H2 being produced from electrolysis,
net CO2 emissions were found for several cases. This is a result
worth highlighting, given that much focus is currently placed on
electricity as a means to decarbonise the transport sector as well as
the industry.4 With simultaneous increase in the demand for
renewable electricity from several sectors, the supply may not be
able to meet the demand, for which reason a marginal electricity
perspective can be used to illustrate a “worst case scenario”
regarding CO2 performance.

The resulting production costs are comparable to or lower than
results from other recent publications. Comparable studies for the
stand-alone, CHP, and pulp and paper mill localisation show pro-
duction costs of 56e60, 48e66, and 42e45 EUR/MWh, respectively
[9,21,27]. This can be compared with this study of 42e48, 41e51,
and 37e41 EUR/MWh, for stand-alone, CHP, and pulp and paper
mill localisations, respectively. This is partly due to assumed lower
costs for biomass, electricity, and O&M, partly to considered

4 In Sweden, this is exemplified by two recent press releases regarding large
projects intended to use renewable hydrogen e one in the refinery industry [59],
and one in the steel production industry [60].
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additional benefits related to credits for alternative investments,
which reduces the capital cost. This shows that the existing in-
dustry can have an important role to play in the transition towards
a bio-based economy. As the resulting production costs are none-
theless higher compared to the corresponding fossil fuel, the results
from this study stress that an efficient policy structure, continued
technology development, and/or increased fossil fuel prices are
required in order for this type of value chains to be likely to be
dispatched in any significant volumes.

5. Conclusions

The aim of this work was to analyse and systematically evaluate
different fast pyrolysis based biofuel production routes from forest
biomass in terms of production cost and CO2 mitigation potential.
Particular focus was put on potential benefits from industrial
integration, to identify high efficiency biofuel production pathways.

This work shows that industrial integration offers economic
benefits regarding the production of FP based biofuels, compared to
stand-alone production e especially for integration with large
sawmills and pulp and paper mills. This was especially true for
industrial sites where alternative investments in new boilers are
needed, as the incremental costs related to the FP production are
lower compared to retrofitting an existing boiler. However, with
current fossil fuel prices, biofuels from the FP based production
route (both as crude PL and upgraded to diesel/petrol) cannot un-
supported compete with the fossil alternatives. Further, as the FP
based value chains are still subject to significant uncertainties,
actual production costs may turn out to be even higher than shown
here.

Regarding CO2 performance, it is concluded that the studied
value chains can offer biofuel production pathways with high CO2
mitigation potential, which can make hydroprocessing of PL
particularly interesting for Sweden, given the newly introduced
reduction mandate for diesel and petrol fuels [32]. However, in
particular the upgraded biofuel value chains are highly sensitive to
the CO2 emissions related to hydrogen production. For the worst
case scenarios for CO2 emissions related to hydrogen production,
the value chains can result in net CO2 emissions.

It is concluded that under the right circumstances, such as
continued technology development, favourable policy conditions,
increased fossil fuel prices, or a combination of those, value chains
based on fast pyrolysis may constitute an attractive alternative for
biomass upgrading for forest-rich and forest industry dominated
countries or regions, such as Sweden. It is also concluded that
existing industrial infrastructure can contribute to cost mitigation,
and that implementation of fast pyrolysis based production could
provide an opportunity for traditional forest industries to increase
their product portfolio with liquid biofuels, converting them into
biorefineries.
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H I G H L I G H T S

• Biomass conversion efficiency presents economic advantages over economy of scale.

• Industrial integration is beneficial to reach cost-efficient biorefineries.

• Replacing capital-intensive equipment at the host industry is beneficial.

• No benefit for centralised or decentralised supply chain configurations.

A R T I C L E I N F O
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A B S T R A C T

Biorefineries for the production of fuels, chemicals, or materials can be an important contributor to reducing
dependence on fossil fuels. The economic performance of the biorefinery supply chain can be increased by, for
example, industrial integration to utilise excess heat and products, increasing size to improve economy of scale,
and using intermediate upgrading to reduce feedstock transport cost. To enable a large-scale introduction of
biorefineries it is important to identify cost efficient supply chain configurations.

This work investigates a lignocellulosic biorefinery concept integrated with forest industry, focusing on how
different economic conditions affect the preferred supply chain configurations. The technology investigated is
black liquor gasification, with and without the addition of pyrolysis liquids to increase production capacity.
Primarily, it analyses trade-offs between high biomass conversion efficiency and economy of scale effects, as well
as the selection of centralised vs. decentralised supply chain configurations.

The results show the economic advantage for biomass efficient configurations, when the biorefinery invest-
ment is benefited from an alternative investment credit due to the replacement of current capital-intensive
equipment at the host industry. However, the investment credit received heavily influenced the cost of the
biorefinery and clearly illustrates the benefit for industrial integration to reduce the cost of biorefineries. There is
a benefit for a decentralised supply chain configuration under very high biomass competition. However, for
lower biomass competition, site-specific conditions will impact the favourability of either centralised or de-
centralised supply chain configurations.

1. Introduction

Biorefineries for the production of hydrocarbons in the form of
fuels, chemicals, or materials, can make an important contribution to
reaching a fossil-free economy. Several factors influence the perfor-
mance of biorefinery supply chains, for example, biomass conversion
efficiency, economy of scale, transportation cost, and commodity

prices, as well as the choice of transport modes, and location of facilities
[1,2].

A number of previous studies have shown that the integration of
biorefineries with other industries, for example, utilisation of excess
heat and by-products, can be beneficial (e.g., [3,4]). Integration with
traditional forest industries can also be beneficial in terms of logistics,
due to the industries’ experience in operating large-scale biomass
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supply chains. For biorefinery concepts relying on industrial by-pro-
ducts as feedstock, the production capacity will be limited by the
feedstock availability. To increase the production capacity an addi-
tional feedstock is required, but depending on the by-product, the ad-
ditional feedstock might require pre-processing.

The use of a pre-processing technology enables a decentralised up-
grading of the additional feedstock to increase the energy density be-
fore transport. Decentralised supply chain configurations have been
suggested to improve economic performance by reducing the cost of
transportation [5,6]. However, this is not necessarily favourable for all
biorefinery supply chains, where, for instance, forest-based biorefinery
supply chains in regions with a highly developed forestry sector, favour
centralised supply chains [7–9]. With dispersed biomass availability
however, the distributed supply chains can become competitive [7].

Black liquor (BL) is a liquid by-product from the chemical kraft
pulping process that is currently combusted in a recovery boiler (RB) at
the pulp mill to produce electricity and steam, and to recycle the
pulping chemicals back to the mill. Black liquor gasification (BLG) has
been successfully demonstrated as an alternative chemical recovery
route [10]. The implementation of BLG has the potential to create an
additional revenue stream for pulp mills as it offers a potential for
higher value utilisation of this liquid by-product through high efficiency
conversion to biofuels or biochemicals, when compared to combustion
for heat production. BLG with downstream biofuel production has been
shown to provide high resource and economic efficiency [11,12]. The
BL has a high alkaline content, resulting in a catalytic effect during
gasification that allows for lower temperatures, yielding a high carbon
conversion efficiency, and lowering the specific biomass usage [13].

The integration of black liquor gasification (BLG) instead of in-
vesting in a new RB can increase both the process economics and en-
ergy efficiency of the mill [14]. The BL availability is closely related to
pulp production, which in turn sets an upper limit on the total gasifi-
cation-based production capacity. The RB represents a major invest-
ment and is unlikely to be replaced before the end of service life, either
by a new RB or by a BLG plant. Since there are a limited number of RBs
near their end of service life, the number of sites where it might be of
interest to replace the RB with BLG in the short to medium-term future,
are reduced.

The production capacity of a specific site, given the available BL,
can be increased by blending the BL with an additional liquid feedstock
[15]. By using a fast pyrolysis process to produce pyrolysis liquids (PL),
several types of biomass could be converted into a suitable form to
blend in with the BL for gasification. This enables the PL to piggy-back
on the catalytic effect from the BL, yielding higher conversion efficiency
compared to gasification of only PL. Additionally, due to the sig-
nificantly higher energy density of PL, a blend-in of 50 wt% results in a
tripled energy input for a specific BL availability, thus increasing the
economy of scale effects for the gasification facility [16].

Co-gasification of BL and PL has been proven both in lab- and pilot-
scale facilities [17,10], and has been shown to be economically fa-
vourable for small pulp mills [12]. Compared with the BLG, it enables a
more flexible supply chain design, either as a centralised supply chain,
with the PL produced on site, or as a decentralised supply chain, where
PL is produced elsewhere. The PL, in turn, can either be produced in a
stand-alone facility, or in a facility integrated with other industries.

The economic viability of the co-gasification concept is highly

influenced by the cost for PL compared to BLG [12], which in turn
depends mainly on the cost of feedstock (including transport related
costs), but that is also significantly influenced by plant configuration
(e.g., integration) and conversion efficiency. PL is produced from the
fast pyrolysis process and can be produced from various types of bio-
mass with yields up to 75wt% [18]. Increased efficiency and a reduced
production cost can be reached with integration [19,20].

Previous studies of the co-gasification of BL and PL have applied
system boundaries around the plant only. The PL production has not
been considered explicitly, as PL has been considered to be imported
over the fence. When applying plant level system boundaries, key
geographical aspects are thus omitted, where, for example, the location
of biomass and competing biomass users, as well as the location of
potential host industries for integration, could significantly influence
the performance of the concept. To address this, the system boundaries
need to be expanded to include relevant aspects of the entire supply
chain, including location and supply chain configuration for both the
fast pyrolysis and the gasification facilities. This will additionally en-
able explicit evaluation of the choice between centralised or decen-
tralised supply chain configurations, in terms of potential to improve
the overall performance of the technology.

Mathematical supply chain optimisation has been used in a large
number of previous studies to identify low-cost biorefinery supply chain
configurations, commonly implemented as mixed integer linear pro-
gramming (MILP) (see [21,22] for an overview). This type of modelling
approach can be used to address several types of problems including
regional [23] to trans-national problems [24], and long- [25] and
medium term problems [26].

The geographically explicit approaches are suitable for the in-
vestigation of biorefinery supply chains, since they can consider local
characteristics such as feedstock availability, local or regional feedstock
competition, and the location of industrial infrastructure that can pro-
vide integration opportunities, but which may also constitute compe-
tition for biomass feedstock.

This paper investigates the full supply chain performance of a
technology for the valorisation of black liquor relying on the co-gasi-
fication of black liquor together with pyrolysis liquids. The overall aim
is to investigate an industrially integrated forest biorefinery concept,
focusing on how different economic conditions affect the preferred
types of supply chain configurations.

The investigated biorefinery concept is based on the gasification of
BL, or BL and PL with downstream production of methanol for use as
transport fuel. Three basic types of supply chain configurations are
considered: (1) pure BLG, (2) co-gasification of BL/PL with a centralised
supply chain (on-site production of the PL), and (3) co-gasification of
PL/BL with a decentralised supply chain (off-site PL production). Of
particular interest are potential trade-offs between high biomass con-
version efficiency and economy of scale effects in terms of biomass
usage, economic performance, and CO2-emissions, and the selection of
centralised vs. decentralised supply chain configurations. The analysis
is done with respect to supply chain costs, biomass usage, and carbon
footprint.

A geographically explicit cost minimisation model is used for the
analysis. Explicit location options are considered for both gasification/
biofuel production plants, and fast pyrolysis facilities, as well as com-
peting biomass demand. The results from the analysis will provide

Nomenclature

BL black liquor
BLG black liquor gasification
CAPEX capital expenditures
CEPCI chemical engineering plant cost index
CHP combined heat and power

HP high pressure
LP low pressure
MP medium pressure
O&M operation and maintenance
OPEX operational expenditures
PL pyrolysis liquids
RB recovery boiler
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general insights into factors that makes either centralised or decen-
tralised supply chain configurations favourable, while further in-
creasing the knowledge basis regarding biorefinery concepts based on
the gasification of BL.

2. Case study

This study concerns industrially integrated forest biorefinery supply
chains for methanol production based on the gasification of BL with and
without the addition of PL see [16,12] for a more detailed description of
the technology. The technologies were configured to produce methanol
for use in the road transport sector. Methanol was chosen due to the
high well-to-wheel efficiency, the possibility of using it as a blend-in
fuel, and its suitability as a platform chemical for the synthesis of other
fuels and chemicals [27].

The geographical scope was limited to the national borders of
Sweden, due to the well-developed forestry sector and high utilisation
of forest biomass. The focus was on nationally available resources in
terms of biomass and industrial facilities. The location of the methanol
production was limited to chemical pulp mills due to the nature of the
considered core biorefinery technology (BLG), which enables recycling
of the necessary chemicals to the pulp mill. The PL production locations
considered were chemical pulp mills (for on-site production of PL),
sawmills, CHP plants in DH systems, and stand-alone facilities.

Four different supply chain configuration scenarios were evaluated:

(1) BLG: Black liquor gasification, representing a value chain con-
figuration with maximised biomass conversion efficiency [12]).
(2) BL/PL-(centralised): Co-gasification of BL and PL with a cen-
tralised supply chain, that is, production of PL at the gasification
plant representing a value chain with a possibility to significantly
increase economy of scale (compared to BLG), but with a higher
biomass transport cost.
(3) BL/PL-(decentralised): Co-gasification of BL and PL with de-
centralised supply chain, that is, off-site production of PL, re-
presenting a value chain with the possibility to significantly increase
economy of scale (compared to BLG), but with lower biomass
transport cost and increased capital cost due to the intermediate
upgrading of biomass to PL compared to (2) BL/PL-(centralised).
(4) All technologies considered simultaneously. This scenario re-
presents an overall value chain configuration that allows for a mix of
separate configurations from options (1–3).

The supply chain configuration scenarios (1)–(2) are illustrated in
Fig. 1.

2.1. Alternative investment

It was assumed that the host industries are facing major energy
investment where boilers and/or steam turbine(s) are at the end of their
lifetime. They have a choice of investing in either (a) a conventional
investment, that is, new boilers, and if applicable, steam turbines, or (b)
methanol production and, if necessary, additional boilers and turbines
to satisfy base utility requirements of the host industry. This reasoning
is motivated by the fact that gasification of BL constitutes an alternative
recovery route for the chemicals and energy in the BL. Investment in
BLG (or in BL/PL co-gasification) can thus be expected to take place
when the recovery boiler is due for replacement or refurbishment. To be
consistent, this reasoning is extended to the other required new in-
vestments (PL production).

The CAPEX and OPEX of the investment in methanol production
were thus determined from the additional cost compared to the con-
ventional investment for each specific host site. This assumes that all
host industries face an investment at the same time, which is un-
realistic. However, this was assumed in order to not exclude any loca-
tion from the analysis.

2.2. Input data

2.2.1. Host industries and location assumptions
There are 21 chemical pulp mills in Sweden, which were all in-

cluded as potential biorefinery host sites. All pulp mills were considered
for all types of supply chain configurations, that is, BLG as well as BL/
PL co-gasification with either on-site (centralised), or off-site (decen-
tralised) PL production.

The data required for the pulp mills were pulpwood demand, BL
availability, process steam demand, and electricity demand and gen-
eration, estimated based on [28,29]. The internal demand for medium-
and low-pressure steam at the different pulp and paper mills was esti-
mated based on generalised data for different types of standard mills,
depending on the production as presented in [30]. The individual mills
were, depending on their respective production, classified as integrated
fine paper mills, bleached kraft market pulp mill, kraftliner mill, or a
combination of the three mill types.

For the decentralised supply chain configuration, (3) BL/PL-(de-
centralised), 35 CHP plants in district heating (DH) networks, 21 saw-
mills, and 41 forest terminals (representing stand-alone locations) were
considered as potential locations for PL production.

Sawmill data were based on data from the Swedish Forest Industries
Federation (SFIF) [31], and general correlations between sawn goods
and by-products were used, based on [32]. All heat demand at a saw-
mill was assumed to be possible to cover with DH-level heat (97 °C,
0.9 bar(a)), and the investment in PL production included investment in
a biomass boiler to cover the heat demand of both the sawmill and the
fast pyrolysis-process. The sawmill location was dimensioned to utilise
all available wood chips on site. Additionally, the investment covered
an investment in a steam turbine. For the alternative investment,
without PL production, the study assumed that the investment would
only be in a new heat only boiler (HOB).

For integration in CHP plants a base criteria was set that the heat
demand of the DH network must be satisfied, also with the inclusion of
a new PL plant. The size of the fast pyrolysis unit was limited to one
single reactor, and the boiler size was adjusted to satisfy the heat de-
mand of the fast pyrolysis process, as has been described in [20]. As an
alternative to investment in fast pyrolysis, investment in a new high-
efficiency replacement CHP plant (boiler and turbine) was considered.

The size of the stand-alone PL production was limited to one or two
fast pyrolysis reactors (see Section 2.2.2). This corresponds to a max-
imum PL production capacity of 104 and 86MWth.

Annual operating time was assumed to be 7884 h/a (representing an
annual availability factor of 90%) for all locations except the CHP
plants. For the CHP plant, the integration of fast pyrolysis was assumed
to enable an increased annual operating time, due to a heat load being
available during a longer period of the year [33,34]. An annual oper-
ating time of 6000 h/a was thus considered for fast pyrolysis integrated
CHP, while the operating time for alternative investment CHP plants

Fig. 1. Supply chain configuration scenarios for methanol production in this
study.
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was limited to 4800 h/a.

2.2.2. Techno-economic input data
The techno-economic performance parameters for BLG and co-ga-

sification were taken from [12]. Two different options were considered
for the co-gasification technologies: 20 wt% or 50wt% PL blend in the
BL. The gasification based biofuel plant produces steam from the
cooling of, for instance, the syngas and the synthesis reactor, which is
used to cover steam demand in the biofuel production, as well as in the
pulp mill.

The considered configuration for the methanol production has a
deficit of medium pressure (MP) steam and a surplus of low pressure
(LP) steam. To satisfy the steam demand of the pulp mill and the in-
tegrated methanol production facility, investment into an additional
boiler is thus considered, when necessary. Moreover, when an RB is
replaced with a BLG, the recovery route of the pulping chemicals is
altered and the composition of the recycled alkali stream (green liquor)
is diluted, resulting in a higher energy demand in the lime kiln [12].
The changed lime kiln fuel balance was also considered. The increased
lime kiln demand was assumed to be satisfied with off-gases (gas by-
products, see below), and if necessary, with additional biomass fuel.

The fast pyrolysis performance considered different process effi-
ciencies for low ash (e.g., wood chips) and high ash (e.g., forest re-
sidues) feedstock [35,36]. For the supply chain configuration (2) BL/
PL-(centralised), with on-site production of PL, the fast pyrolysis unit
was modelled as integrated with the biomass boiler on site, and di-
mensioned to produce all PL required for either a 20 or 50 wt% blend-in
of PL with BL. For a decentralised production of PL, either as integrated
with sawmills or CHP plants, or as stand-alone facilities (forest term-
inals), the dimensioning of the PL was done according to host industry
characteristics, as described in Section 2.2.1.

The size of one fast pyrolysis reactor was limited to 15 t-dry feed/h
[37] for all location options, corresponding to 72MWth of biomass
input, and 54, and 45MWth of PL production for low and high ash
feedstock, respectively. In the case of a site needing a larger PL pro-
duction, several reactors were used in parallel. Any surplus char and gas
from the process was used internally to provide heat for the internal
processes. In cases of surplus by-products, they were sold to market as
industrial by-products (see Section 2.2.5).

The energetic yields and demands of the major equipment con-
sidered are shown on LHV basis in Table 1.

The parameters for calculating the investment cost in major
equipment are presented in Table 2. The investment was discounted
over the assumed economic lifetime assuming an annuity factor of 0.13,

corresponding to e.g., an 11.5% discount rate and 20 years lifetime. The
O&M cost was assumed to be 4% of the CAPEX. nth plant investment
costs were used and the investments were converted to EUR with the
monetary value year of 2015 using the chemical engineering plant cost
index (CEPCI) [38].

Benefits from integration were only gained from the avoided cost of
the alternative investment and from heat integration with the host in-
dustry. No additional benefits from integration were taken, for instance,
benefits from feedstock handling and reduced O&M cost, which could
be lower for the integration cases compared to stand-alone operation.

2.2.3. Forest biomass supply and demand
For the supply of biomass, both primary resources from forestry

operation (sawlogs, pulpwood, harvesting residues, and stumps) and
secondary resources (forest industry by-products) were considered. The
spatially explicit supply potential for primary forest biomass was esti-
mated based on scenarios from the Swedish Forest Agencys forest im-
pacts assessment (SKA 15) [42] (Todays forestry scenario), where fu-
ture harvesting operations (final felling and commercial thinning) have
been modelled. For more details, see [43,40,7]. For forest industry by-
products, two different assortments were included: sawmill wood chips
and low-grade industrial by-products, such as bark and sawdust. The
modelled quantities were based on modelled production volumes (site
specific), and generic yield relations [31,44,32]. The focus in this study
was on the utilisation of domestic resources and biomass imports were
restricted to current levels. A cap on the import was set to 5 and 15 TWh

Table 1
Normalised energetic yields and demands of major equipment shown on LHV basis. Positive values are outputs and negative values are inputs.

Methanol Pyrolysis
liquids

Biomass Black
liquor

High temperature
heata

Meduim
pressure
steamb,h

Low pressure
steamc,h

District
heatingd

Char/gas by-
producte

Electricity Source

Fast pyrolysis
(low ash)

0.75 −1 −0.25 0.48 −0.04 [35,36]

Fast pyrolysis
(high ash)

0.62 −1 −0.23 −0.32 0.85 −0.06 [35,36]

BLGf 0.54 −1 −0.04 0.21 0.04 −0.11 [12]
BL/PL 20 wtf 0.90 −0.51 −1 −0.08 0.25 0.06 −0.16 [12]
BL/PL 50 wtg 1.93 −2.05 −1 −0.19 0.40 0.13 −0.30 [12]

a Heat provided directly from the boiler (as sand from the fluidised bed).
b Steam 10 bar(a), 200 °C.
c Steam 4.5 bar(a), 150 °C.
d District heat, 0.9 bar(a), 97 °C.
e By-product including what is internally combusted to produce heat.
f Increased lime kiln load by 30%.
g Increased lime kiln load by 78%.
h If negative: The heat must be satisfied from another heat source on site (e.g. steam boiler). If positive: The heat is used to satisfy heat demand on site. The steam

passes through steam turbines if the heat demand is at a lower pressure than what is available.

Table 2
Investment cost function for major equipment considered in this study. C is the
capacity of the flow the cost is scaled against in MW.

Investment Cost a C· b= [MEUR2015]

a b C [MW] Source

BLG 6.15 0.7 BL [12]
BL/PL 20 wt% 7.11 0.7 BL [12]
BL/PL 50 wt% 10.9 0.7 BL [12]
Fast pyrolysis w comb.chamberb 2.08 0.81 prod. PL [37]
Fast pyrolysis w/o comb.chamberb 1.61 0.76 prod. PL [37]
Heat only boiler 2.56 0.7 Biomass feed [39]
Steam boiler 2.82 0.7 Biomass feed –a

Recovery boiler 2.52 0.7 BL [40]
Steam cycle 2.21 0.67 prod. el [41]

a Assumed 10% higher than heat only boiler.
b For low ash feed, valid for PL production<289MW.
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for sawlogs and pulpwood, respectively, which can be compared to
current net import volumes of 2.5 and 12 TWh SDC2017.

Competing demand from the forest industry (pulp mills, sawmills,
and pellet industries) and the stationary energy sector (heat and elec-
tricity production) was considered spatially explicitly. The demands
were described statically on an annual basis in the model, based on
current production and demand (2015) [31,44,28,45–47].

Fig. 2 shows the modelled spatial distribution of biomass supply
(top) and competing demand (bottom). Table 3 summarises the total
modelled supply potential for each feedstock, and Table 4 the demand
sectors, the modelled demand levels, and the respective biomass as-
sortments each sector can use.

2.2.4. Transpor and distribution
Transport of biomass feedstock, PL, and produced methanol was

considered using road and rail. The transportation costs between all
possible origins and destinations were calculated with a geographically
explicit intermodal transport model (pre-optimisation) using ArcGIS, as
described in [7]. Transport capacity limits were not considered. Me-
thanol was assumed to be transported from the biorefinery to blending
terminals [48,49] for distribution to final consumers.

Costs for transportation was based on [7] and CO2 emissions are
based on [50]. Transportation cost and emissions are shown in Table 5.

2.2.5. Energy carriers
All flows of biomass and other energy carriers were converted to

energy units on a LHV basis, also including biomass demand not used
for energy purposes, that is, sawlogs and pulpwood demand from the
forestry industry. For conversion between units, conversion factors of
0.42 odt/m3 (oven dry tonnes of wood) and 4.9MWh/odt (energy
content of woody biomass) were applied.

In order to estimate the spatial variation in forest biomass costs, a

bottom-up approach was used, where time and productivity functions
for forestry machinery were applied on the geographically explicit
forest data (described above). The forest biomass cost-supply data was
aggregated on the model grid. The approach has been described in more
detail in [40,7,43]. Table 6 summarises the energy and feedstock prices
used in this study. Table 6 also includes the emissions from the average
Swedish electricity mix, used for calculating the CO2 impact from
changes in electricity production and the emissions for fossil-based
methanol use, for calculating the avoided fossil emissions.

The electricity market was treated exogenously. Any increase or
decrease in the production or demand of electricity in the modelled
system was assumed to be met by either an increase or decrease in the
production of electricity from the market.

3. Method

3.1. Model description

This study used the geographically explicit mixed linear program-
ming (MILP) model BeWhere Sweden, written in GAMS and using
CPLEX as the solver [59,40]. The model is a biorefinery localisation

Fig. 2. Modelled spatial distribution of biomass supply (top) and competing demand (bottom). All values are TWh/a. Stemwood includes both sawlogs and pulp
wood.

Table 3
Aggregated modelled biomass supply.

Biomass assortment Supply potential [TWh/a]

Sawlogs 89
Pulpwood 66
Harvesting residues 37
Stumps 16
Sawmill chips 25
Low-grade by-products 23
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model that minimises the total supply chain cost and includes a large
number of sites of importance for biomass supply and demand. Com-
peting industries and potential biorefinery sites are considered in-
dividually, with site-specific data on energy, and biomass use and
production. The model uses a grid of 334 cells with a half-degree spatial
resolution, which is used for the representation of, for instance, biomass
demand and supply, and product demand.

The model objective was to minimise the supply chain configuration
cost to satisfy a determined methanol demand for usage in the road
transport sector, while simultaneously satisfying biomass demand from
other sectors (forest industry, stationary energy sector). The in-
vestigated biorefinery technologies (fast pyrolysis and gasification)
have been investigated with a future perspective, i.e. they have not
been demonstrated at the scales assumed here, and their performance
has been investigated with current energy prices as the base case. The

total supply chain cost included costs for biomass (both imported and
domestic), transport and distribution, electricity, and operational and
capital expenditures (OPEX, and CAPEX) for new plants.

Decision variables in the model were the choice of biorefinery
technologies and localisations (binary), flow of biomass from har-
vesting to biomass to demand sites (continuous), flow of methanol from
production sites to fuel distribution centres (continuous), and flow of PL
from production sites to co-gasification facilities (continuous, only for
the BL/PL-(decentralised) technology configuration). Since the sizes of
the facilities were dependent on the specific characteristics of the host
industry (e.g., BL availability), the non-linearity of the capital invest-
ment were addressed outside of the optimisation.

3.2. Model runs

The model objective was set to satisfy a given methanol demand and
minimise the total system cost, while still satisfying the competing in-
dustries biomass demand. Each value chain configuration, (1) BLG, (2)
BL/PL-(centralised), (3) BL/PL-(decentralised), and (4) all technologies,
were investigated for methanol production scenarios in the range of
0–36 TWh/a, provided that the scenarios were not constrained by either
biomass availability or the number of facilities available for conversion
prior to reaching the 36 TWh/a target. The co-gasification cases were
limited to a blend-in of PL of 20 wt% or 50wt%.

The core biorefinery technology considered in this study (BLG) has
been assumed to utilise all BL on site, and thus fully replace the current
RB. The base assumption has been that all 21 chemical pulp mills are
available as biorefinery hosts. In order to acknowledge the age of ex-
isting capital-intensive equipment, a second host availability scenario
was assessed, where only pulp mills with RBs near the end of their
economic lifetime (older than 25 years) were assumed available as
hosts.

As described in Section 2.1, this study has applied an alternative
investment perspective where an investment credit is received. To
quantify the economic benefit from integration, a scenario was eval-
uated without considering a credit for the alternative investment for the
four supply chain configuration scenarios.

The scenarios were evaluated for biomass usage in the system, total
supply chain cost, and carbon footprint depending on CO2 emissions
from transport, and electricity generation and mitigated fossil emis-
sions. This was done in comparison with the reference scenario without
methanol production, see Section 3.2.2.

3.2.1. Sensitivity analysis
A sensitivity analysis representing significant changes to the prices

of energy carriers, and transportation costs were conducted.
Additionally, it was investigated how a significant increase in the

Table 4
Aggregated woody biomass demand for biofuel production, forest industries and the stationary energy sector, and the corresponding biomass assortments that can be
used in each sector in the model.

Biomass assortments

Aggregated demand [TWh/y] Sawlogs Pulp wood Harv. residues Stumps Sawmill chips Low-grade by-prods. Wood pelletsa

Sawmills (sawn products) 75 x
Sawmills (heat demand) 4.1 x x
Pulp and paper mills (pulp) 93 x x x
Pulp and paper mills (heat demand) 25b x x x x x
Pellets production plants 8.1 x x
Stationary energy (DH and CHP) 28 x x x x x x
Fast pyrolysis (low ash) Variable x x
Fast pyrolysis (high ash) Variable x x x x
BLG, BL/PLc Variable x x x x x

a The modelled domestic production amounts to 8.1 TWh, and in addition to this, pellets can be imported with no restriction.
b Including use of internal fuels, excluding black liquor.
c For use in the bark boiler to meet the mills steam demand.

Table 5
Cost and CO2 emissions for transporting different energy carriers - d is the
transport distance in km.

Transport cost [MEUR/TWh] [7] CO2 emissions [tCO2/
TWh,km]

Truck Rail Truck [50] Rail [51]

Pulpwood and
sawlogs

0.33+0.026∗d 1.32+ 0.0021∗d 20.2 0.15

Harvesting
residues

1.10+0.035∗d 1.92+ 0.0028∗d 25.1 0.18

Pyrolysis liquids 0.15+0.018∗d 0.36+ 0.0009∗d 11.05 0.08
Methanol 0.12+0.014∗d 0.28+ 0.0007∗d 6.5 0.05

Table 6
Energy prices and CO2 emissions

Base price (2016)
[EUR/MWh]

CO2 emissions
[tCO2/GWh]

Source

Electricity 21.0 95 [52,53,8]
Sawlogs 22.9a 1.5b [54,55,8]
Pulpwood 15.2a 1.5b [54,55,8]
Tops and branches 15.3a 1.5b [55,8]
Stumps 22.1a 1.5b [56,55,8]
Sawmill chips 11.4 [56,57]
Industrial by-products 10.4a [55]
Wood pellets 26a [55]
Imported biomass 10% higher than domestic Assumed
Fossil fuel based

methanol
264 [58]

a Average prices in Sweden.
b Biomass harvest emissions.
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annuity factor would influence the results, see Table 7.
All combinations of electricity price, biomass price, and biomass

transportation costs were investigated. The analysis included base
(derived from current costs and prices), low, and high prices for bio-
mass feedstock and biomass transportation, as well as base, and high
prices for electricity. Low electricity price was not investigated due to
the current prices on the spot market being low.

In addition to these parameters, the impact of a higher annuity
factor of 0.20 was investigated (corresponding to e.g., 19% discount
rate and 20 years lifetime). This was made for a few methanol demand
scenarios for the (4) all technologies value chain configuration to
evaluate the impact on the number of facilities converted to each spe-
cific value chain configuration.

3.2.2. Supply chain performance evaluation
The performance of each of the four considered supply chain con-

figuration scenarios was evaluated in terms of total biomass usage, total
supply chain cost, and total supply chain CO2 emissions. Each modelled
scenario was compared to a reference scenario without methanol pro-
duction. In this scenario, the model objective was set to no methanol
production, and the costs of the reference system includes the biomass
transportation and the alternative investment. Any changes compared
to the reference system was attributed to methanol production, which
includes, for example, changes in biomass transport for other facilities
not converted to biorefineries. This supply chain methanol production
performance represents the system performance and can differ from the
site-specific performance.

In summary, the methanol supply chain biomass usage thus covers
all changes in biomass usage of the system, including not only biomass
directly used for the biorefineries, but also potential changes for other
users regarding the type of biomass used. Similarly, the calculated
methanol supply chain cost includes the system changes in biomass
transportation, biomass usage, electricity usage, CAPEX, and OPEX.

CO2 emissions were calculated from emissions from biomass har-
vest, transport of biomass from harvesting sites to industrial facilities,
electricity production, transport of methanol to gas stations, and fossil
fuels.

4. Results

In the following sections, the major results from the model runs are
presented. In total, including sensitivity analysis and base scenarios, the
model was run 1549 times.

4.1. Supply chain performance: base scenario

As previously described, the four biorefinery supply chain config-
uration scenarios were evaluated in terms of supply chain cost, CO2

mitigation, and total biomass use, in relation to a reference scenario
with no methanol production. This section presents the results for the
base scenario, where current energy prices and the base transport costs
were applied.

Fig. 3 shows the resulting total supply chain methanol for the
evaluated methanol production scenarios for the two considered host
availability scenarios (only pulp mills with old RBs, and all pulp mills,
respectively). Fig. 4 shows the resulting number of biorefinery plants
created to meet the modelled methanol production scenario.

As Figs. 3 and 4 show, the maximum methanol production in the
BLG only supply chain configuration scenario (1) is limited to about
12 TWh/a in the “Old RB” host availability scenario, and to 20 TWh/a
in the “All RB” scenario. Accordingly, methanol capacity targets above
20 TWh/a would necessarily require feedstock blending.

From a supply chain cost perspective, the results show that the
supply chain configuration scenario (1) BLG is economically favourable
compared to the co-gasification cases, indicating that high biomass
conversion efficiency is favoured over larger facilities. This is also

confirmed when examining the blend-in options favoured by the model,
which show that the model heavily favours a 20 wt% blend-in of PL
(Fig. 4, unfilled markers). The very large-scale facilities, with a 50wt%
blend-in of PL (Fig. 4, filled markers) only appear in the solution when
the number of facilities are limiting the production capacity, as happens
in the 36 TWh/a methanol production scenario for the “all RB”, and
earlier for the “old RB” host availability scenario. These results can be
explained by the lower overall biomass conversion efficiency from the
increased usage of PL, and the increased transportation cost with large
facilities.

Fig. 3 indicates that at high methanol production scenarios, the
decentralised (3) supply chain configuration results in slightly lower
supply chain costs, compared with the centralised configuration (2),
confirming previous research findings [7]. However, for lower pro-
duction scenarios, there is little difference in the supply chain cost for
the centralised and decentralised supply chain. This is further con-
firmed by Fig. 4 for the (4) all technologies supply chain configuration
scenario, where there is no clear advantage for centralised or decen-
tralised configurations. This would indicate that the cost advantage for
centralised or decentralised configurations is highly dependent on the
specific site location and biorefinery technology.

The host availability scenario also had a major impact on the supply
chain cost. When allowing all chemical pulp mills as potential locations
for conversion for methanol production (as opposed to restricting this
to only sites with old RB) the supply chain cost is on average reduced by
6, 9.9, 8.6, and 10.3% for the (1) BLG, (2) BL/PL-(centralised), (3) BL/
PL-(decentralised), and (4) all technologies scenarios, respectively. The
main contributor here is that larger pulp mills are available as locations,
which gives a lower specific investment cost for each specific tech-
nology configuration, which further confirms the result that suitable
host locations can suppress biofuel production costs.

The potential trade-off between supply chain cost, CO2 mitigation,
and biomass usage are displayed in Fig. 5. The figure shows that the
BLG supply chain configuration (1) is favourable not only regarding
supply chain cost, but also regarding total CO2 mitigation potential, and
total biomass usage. However, as already discussed, the total methanol
production potential is limited when considering BLG only, which in
turn limits the CO2 mitigation potential correspondingly. With co-ga-
sification allowed (supply chain configuration scenarios (2–4), higher
CO2 mitigation can be achieved. This, however, comes at the cost of a
significant increase in total, as well as specific biomass usage, and
consequently a lower CO2 mitigation potential per unit of biomass used.

Fig. 5 shows that there is little difference in CO2 mitigation for the
different supply chain configurations. Here, the mitigated fossil me-
thanol emissions are the main component, and the differences in
emission levels for the supply chains are comparatively small and de-
pend on emissions related to transport within the supply chain.

Sustainable biomass can be considered a limited resource and it is of
interest to evaluate the CO2 per unit of biomass. In Fig. 6 the specific
CO2 per unit of biomass is displayed.

As expected, there is in general a significantly higher specific CO2

mitigation for the (1) BLG value chain configuration. What can also be
observed, is a reduction in the specific CO2 mitigation for the co-gasi-
fication value chain configurations for higher methanol production
scenarios resulting from both higher transport emissions, but also that
locations with lower biomass efficiency is included in the solution,

Table 7
Range of the values for the parameters studied for the sensitivity analysis.

Low Base High

Biomass price −50% Current +50%
Biomass transport cost −50% Current +50%
Electricity price Current +50%
Annuity factor 0.13 0.20
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which is more apparent in the “Old RB” host availability scenario.

4.2. Alternative investment benefit

As described in Section 2.1, a fundamental assumption for the
biorefinery configurations investigated was that all BL on site would be
used for gasification (un-blended or blended), which would entail that
the existing RB would need to be replaced. In the base scenario, an
investment credit for the alternative investment in a new RB was con-
sequently awarded for methanol production. This has a large impact on
the supply chain methanol production cost, as is illustrated in Fig. 7,
where the supply chain methanol cost is shown with and without the
alternative investment accounted for.

Fig. 7 illustrates the benefit from industrial integration when the
biorefinery investment can replace equipment currently in use at the
facility. Moreover, Fig. 7 shows a significant reduction in the supply
chain methanol cost, attributed to the alternative investment credit for
the RB, ranging from 30 to 40 EUR/MWh for BLG (1), and about 20
EUR/MWh for the co-gasification cases (2–3).

Fig. 7 clearly shows that a large part of the advantage in terms of
supply chain cost of BLG (1) over co-gasification (2–3) originates from

the RB investment credit. Without this credit, co-gasification is always
beneficial for methanol production scenarios over 3 TWh/a, and can be
preferable over (1) BLG at lower production scenarios.

The supply chain cost can be compared with a fossil methanol price
of 40–81 EUR/MWh [60], showing that the configurations are com-
petitive at the higher range of fossil methanol prices when the alter-
native investment credit is considered. However, if not, the fossil me-
thanol has a significantly lower cost. This highlights the importance of
utilising current industrial infrastructure to reach a cost efficient large-
scale introduction of biorefineries.

From an implementability perspective, the investment credit is
more reasonable to include for the pure BLG, as the configuration in-
cluded here considered gasification of all BL on site. For the co-gasifi-
cation concepts, an alternative configuration could be to only utilise
part of the BL on site, and still reach economies of scale. For this type of
configuration, it would be incorrect to include the investment credit. It
should be noted that the chosen configuration for the BLG requires
replacement of the RB since it will utilise all BL on site. Therefore, it is
reasonable to consider the alternative investment credit. However, for
configurations utilising a part of the BL on site, the co-gasification cases
could be more favourable due to the lack of this investment credit.
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4.3. Price and cost sensitivity

Given the uncertainty for future price development, it is of parti-
cular importance to identify biorefinery technologies that are robust to
changing market conditions. For the technology configurations con-
sidered, changes in the electricity price turned out to have only a minor
impact on the total supply chain cost. However, there is a major impact
on the supply chains from changes in the biomass price, and to a lesser
extent the biomass transportation cost. Fig. 8 shows the high (+50%),
and low (−50%) sensitivity analysis for respective parameter.

As expected, with increased biomass price there is a greater cost
advantage for the BLG compared to co-gasification, due to lower bio-
mass usage. However, even with a 50% decrease in the biomass price,
the BLG still has a lower supply chain cost. This shows that the biomass
conversion efficiency has a larger impact on the total supply chain cost
than economy of scale, when the economy of scale comes with the
drawback of reduced overall biomass efficiency (as is done when in-
troducing fast pyrolysis as an intermediate step).

Changes in biomass transportation have a significantly lower impact
on the supply chain costs, compared to biomass price. As could be ex-
pected, an increase or decrease in the transportation cost will either
favour the decentralised or centralised supply chain configuration.
However, the changes do not create a significant difference between the
BL/PL-(centralised) (2) and BL/PL-(decentralised) (3) configurations.

All economic conditions tested in the sensitivity analysis, generally
showed the lowest supply chain costs for the (1) BLG configuration. The
combinations that resulted in the lowest supply chain cost difference

(on average) between the (1) BLG and (2) BL/PL-(centralised), and (1)
BLG and (3) BL/PL-(decentralised) are shown in Fig. 9. Both of these
scenarios have a low biomass price and current electricity prices. The
scenarios favouring the centralised or decentralised supply chain has a
low or high biomass transport cost, respectively.

Fig. 9 shows that BLG generally has a lower supply chain cost
compared to the co-gasification cases when restricting the choices to
only one technology. However, the all technologies scenario introduces
co-gasification for significantly lower methanol production scenarios
compared to the base case with current energy prices and biomass
transportation cost (see Fig. 4).

Fig. 10 shows how the interaction of changes in biomass price,
electricity price, and biomass transport cost influences the supply chain
methanol production cost, and total biomass usage for the (4) all
technologies scenario.

The magenta1 coloured line in Fig. 10 represents the cost for the
base case, with current costs and prices. The multi-coloured arrowheads
point in the direction of a reduction of the cost or price for the re-
spective parameter, that is, biomass price, biomass transport cost, and
electricity price. For example, starting at the “base case” and following
the green arrow downward in the figure, identifies the biomass usage
and supply chain methanol cost, for the scenario with a 50% reduction
in the biomass price. Likewise, starting at the base case and following
an arrow in the opposite direction of the arrowhead identifies the
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biomass usage and supply chain methanol cost for a scenario with a
50% increase in either biomass price, biomass transport cost, or elec-
tricity price. By following the different arrows in different directions it
is possible to identify the performance of all possible combinations of
biomass price, biomass transport cost, and electricity price.

Fig. 10 shows that the prices assumed for the high methanol pro-
duction scenarios heavily impact both the supply chain cost and bio-
mass usage. A decrease in biomass price has a very high impact on the
total system cost. It is however not apparent how a reduction in the
biomass price will influence the biomass usage by the system. It could
be expected that a decrease in biomass price would lead to either no
difference, or an increase in the biomass usage of the system. This be-
haviour is however not always observed, and the impact on biomass
usage will be influenced by the interaction with other costs in the
system.

For high methanol production targets, the decrease in biomass
transport cost also leads to lower biomass usage by the system for most
cases. Since the biomass transport cost is decreased, the model chooses
to transport the biomass over longer distances to facilities with higher
biomass conversion efficiency, rather than using facilities closer to the
biomass resource (lower transport cost), but with lower biomass con-
version efficiency.

A sensitivity analysis investigating the impact of choice of annuity
factors on the lowest cost technology mix is displayed in Fig. 11,

displaying the base annuity factor of 0.13, together with the annuity
factor of 0.2 in the sensitivity analysis.

Fig. 11 shows a significant increase in the annuity factor, re-
presenting an increase in the discount rate from 11.5% to 19%. While
this increase results in a significant increase in the supply chain me-
thanol production cost, from 66 to 80 EUR/MWh for the 12 TWh/a
methanol production scenario with the “old RB” host availability con-
straint, there is in general only a minor impact on the chosen tech-
nology mix. The only scenario showing a significant impact on the
technology mix is the 36 TWh/a methanol production scenario that
allows for all chemical pulp mills as possible locations where the model
favours a larger share of BLG installations.

5. Discussion

Previous research has shown an economic benefit of co-gasifying BL
with PL, compared to BLG only [12,16]. Compared to previous studies
which evaluated the performance of co-gasification of BL with PL, this
study expanded the system boundaries to the national level, in order to
consider the full supply chain performance of the concept. The results
show that there is a benefit for gasification of pure BL, compared to
using a blend of BL and PL to increase the production capacity and
reaching higher economy of scale effects. This shows that the benefits
from economy of scale effects do not outweigh the disadvantage of
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lower resource efficiency from the added processing step of producing
PL.

However, the economic advantage of BLG is highly sensitive to the
inclusion of a credit for the avoided investment in a new recovery
boiler. When the investment credit for the RB is removed, the co-gasi-
fication cases becomes favourable compared to the BLG. However, this
concept heavily relies on the replacement of the RB, and excluding the
alternative investment credit also excludes the fact that this config-
uration will replace major equipment on site. This shows the large
benefit for the industrial integration of biorefineries with a possibility
of replacing very capital intensive industrial equipment on site, and
highlights the large part the current industry can play in reaching a cost
efficient large-scale introduction of biorefineries.

There is still relevance for the co-gasification of PL with BL when
considering the alternative investment. This would make it possible to
convert underutilised, low-grade biomass to high energy PL for further
upgrading. It also presents a path for a mill to use a partial stream of BL,
and blend in PL to reach larger production capacities. Additionally,
both co-gasification and BLG could be of interest for pulp mills where
the RB is a bottleneck for increasing the pulp production.

Both BLG and co-gasification represent pathways of interest for pulp
mills where the pulp production is currently limited by the capacity of
the current RB. Gasification could in those cases be used to debottle-
neck the RB to reach higher production capacities. Using co-gasification
in this instance could be a way to significantly increase the economy of
scale effects for this type of installation, as the BLG facility would be
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significantly smaller compared to utilising all BL available on site.
The technology concept investigated here requires replacement of

major process equipment as well as heavy process integration at the
mill, resulting in high uncertainties for the investment cost. These high
uncertainties should influence the willingness to invest and it is re-
commended that the way in which uncertainties influence willingness
to invest is investigated.

This work shows that there is no conclusive evidence that there is a
favourability for decentralised over centralised supply chain config-
urations. Rather the model results show that under current economic
conditions a mixture of both configurations is the most favourable
configuration. With dramatic changes to the biomass transportation
cost, either configuration will be favourable, but there is not a sig-
nificant economic advantage for either of them. That indicates that
under current projected efficiencies and costs, site specific conditions
have a high impact on the favourability of centralised or decentralised
configurations. It is recommended that technology and site-specific
investigations are instituted for determining the most favourable supply
chain configuration.

This study investigated uncertainties for the biomass price and re-
presented this with a 50% price increase or decrease. The increase
could represent biomass price under high biomass utilisation scenarios,
or the prices can represent other markets with higher biomass prices.
The low biomass prices are not realistic, but are used to provoke the
model to opt for supply chain configurations with higher biomass
usage. However, these significant reductions still don’t offset the in-
creased supply chain cost from the intermediate processing step in-
troduced for the production of PL.

6. Conclusions

This work investigated a forest industry integrated biorefinery
concept based on black liquor gasification with, and without the ad-
dition of pyrolysis liquids. It shows that biorefinery supply chains with
a trade-off between economy of scale and biomass efficiency should
prioritise biomass efficiency, if the biorefinery investment can replace
capital intensive equipment on site and an alternative investment credit
is considered. This was shown to be true for both current prices and
significant market changes for the technology scenario tested. If the
alternative investment credit was not considered, the results showed a
significant benefit for the configurations reaching higher economy of
scale effects. Given the specific technology configurations tested, it is
reasonable to include the alternative investment credit as the bior-
efinery performs crucial services to the host industry in the form of
chemical recycling. Given the significant benefit in replacing capital-
intensive equipment at the host industry, this work shows the important
role that the current industry can play in enabling the large-scale

introduction of biorefineries.
Confirming previous findings, there is a benefit for a decentralised

supply chain configuration under high biomass competition. However,
it also highlights that benefits from centralised or decentralised supply
chains are more dependent on the specific location and other economic
factors in the system under lower biomass demand, rather than a fun-
damental advantage of either configuration for current cost projections
for fast pyrolysis. It is recommended that site and technology-specific
investigations are used to identify the lowest cost supply chain con-
figuration.
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A R T I C L E I N F O
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A B S T R A C T
In Sweden, the iron and steel industry (ISI) is a major source of greenhouse gas (GHG) emissions. Most of theemissions result from the use of fossil reducing agents. Nevertheless, the use of fossil fuels for other purposesmust also be eliminated in order to reach the Swedish emissions reduction targets. In this study, we investigatethe possibility to replace fossil gaseous and liquid fuels used for heating in the ISI, with liquefied biomethane(LBG) produced through gasification of forest residues. We hypothesize that such utilization of fuels in theSwedish ISI is insufficient to independently drive the development of large-scale LBG production, and that othersectors demanding LBG, e.g., for transportation, can be expected to influence the economic potential for the ISIto switch to LBG. The paper investigates how demand for LBG from other sectors can contribute to, or prevent, aphase-out of fossil fuels used for heating purposes in the ISI under different future energy market scenarios, withadditional analysis of the impact of a CO2 emissions charge. A geographically explicit cost-minimizing biofuelproduction localization model is combined with heat integration and energy market scenario analysis. The re-sults show that from a set of possible future energy market scenarios, none yielded more than a 9% replacementof fossil fuels used for heating purposes in the ISI, and only when there was also a demand for LBG from othersectors. The scenarios corresponding to a more ambitious GHG mitigation policy did not achieve higher adoptionof LBG, due to corresponding higher biomass prices. A CO2 charge exceeding 200 EUR/tonCO2 would be requiredto achieve a full phase-out of fossil fuels used for heating purposes in the ISI. We conclude that with the currentpolicy situation, substitution of fossil fuels by LBG will not be economically feasible for the Swedish ISI.

1. Introduction
The iron and steel industry (ISI) is a large emitter of greenhousegases (GHG). In Sweden, the ISI accounted for around 35% of the totalindustrial fossil GHG emissions in 2016, and around 12% of the totalfossil GHG emissions [1]. These emissions originate mainly from the useof coal and coke in the iron ore reduction process, but also from the useof liquid and gaseous fuels in heating processes. In 2017, Swedenadopted a new climate policy framework, including a new domesticclimate goal of net negative GHG emissions by 2045 and beyond [2].

Decreasing GHG emissions from steel production is an importantchallenge in Sweden due to the technological complexity of the pro-duction process and to the fact that steel production has a significantimpact on the economy. Reducing emissions from the use of coke inblast furnaces is the largest challenge – partly because it is the mainenergy carrier, but also because it is used as a reducing agent for whichother alternatives are limited. Phasing out coke has been the focus of aconsiderable research and development effort. Sweden is currentlypursuing the R&D initiative Hydrogen Breakthrough IronmakingTechnology (HYBRIT) [3], which aims to phase out blast furnaces in
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favor of the Direct Reduced Iron (DRI) technology using H2 producedfrom renewable electricity as a reducing agent (see, e.g., [4]). Anotheralternative to mitigate GHG emissions from iron- and steelmaking is toreplace fossil-based carbon with bio-based in the reduction process[5–7].Previous research on replacing fossil fuels and reductants in the ISIwith bio-based alternatives has mainly focused on bio-based reducingagents. Norgate et al. [5] performed a life cycle assessment of replacingfossil coke and coal with charcoal in steelmaking, and showed that theon-site carbon footprint of integrated steelmaking can be decreased byup to 57%. Suopajärvi et al. [8] mapped the potential for utilizingbiomass in the ISI. They concluded that the largest potential to replacefossil fuels is by charcoal injection to the blast furnace, with the mainconstraint being the high price of biomass. Mandova et al. [9] con-sidered availability of and competition for biomass resources on aEuropean level, and showed that 42% of the fossil GHG emissions fromintegrated steel plants within the EU could be removed by switching tobio-based options.Even if coke is phased out, other fossil energy sources still constitutea considerable part of the total energy mix in the ISI (approximately15% of the primary energy use). A large portion of this fuel usage oc-curs in furnaces for e.g. reheating [10]. Completely replacing com-bustion in furnaces with electrical heating is not deemed realistic by thesteel industry within a short to medium time span [11]. The reason forthis is twofold; firstly, the ISI highlights that large investments havebeen made in combustion furnaces and to decommission these unitsbefore the end of their technical lifetime will not be economically jus-tifiable. Secondly, there is a lack of commercial technology for elec-trical heating at the high temperatures required in the furnaces(1200–1300 °C) [11].A decrease of GHG emissions from reheating furnaces can beachieved by switching from oil to natural gas (NG) fuel [10]. There is,however, only a natural gas grid in the southwest part of Sweden andthe high cost associated with transporting NG in trucks constitutes amajor barrier for the use of NG in other parts of the country. By li-quefying NG, the density is increased by a factor of 600, thus loweringtransportation costs significantly. The recent development of a dis-tribution and storage infrastructure for liquefied natural gas (LNG) hasentailed that it has become economically feasible to use NG in parts ofthe country that are not connected to the gas grid [11].Switching fuels from oil to NG or LNG decreases CO2 emissions fromfurnaces but does not eliminate them. Eventually, fossil fuels must bephased out in favor of renewable energy carriers to reach net-zeroemissions. By switching fuels from fossil LNG to liquefied biomethane(also called liquefied synthetic natural gas and henceforth denotedLBG) produced from forest residues via gasification, this transitioncould be achieved using existing furnaces, as well as existing fuel dis-tribution and storage infrastructure. Thus, the transition would be fa-cilitated, an argument put forward also by the steel industry [11].Previous research has shown that production of biomethane throughair-blown dual fluidized bed (DFB) gasification can reach high biomassconversion efficiencies and competitive production costs (see e.g.Bolhàr-Nordenkampf et al. [12], Alamia et al. [13] and Heyne andHarvey [14]). Additionally, due to potential chemical contaminations,the steel industry requires fuels with the same specification as theirfossil counterpart [11]. This has been demonstrated at industrial scalethrough the GoBiGas project where biomethane produced in a DFBgasification plant was injected into the NG grid [15].Due to the relatively limited demand for fossil fuels used for heatingpurposes in the Swedish ISI (3.9 TWh/y, not including coal and cokeused for reduction purposes), it is unlikely that the steel industry alonewill drive the development of an infrastructure for LBG production anddistribution. However, recent development has seen an increased de-mand for NG and LNG in the transport sector, in particular for shippingand long haul trucking [16,17]. Large-scale use of NG and LNG fortransportation can help facilitate the introduction of biomethane

produced through gasification. Currently, the majority of the bio-methane used in transportation is produced via anaerobic digestion ofwaste streams. However, the available waste streams are insufficient tosupport large-scale usage of biomethane in the transport sector,let alone in industry.The open research literature contains few contributions related tousage of biomethane as fossil fuel replacement in the ISI. Heat in-tegration of a bio-SNG plant with a steel industry heat treatment fur-nace was studied by Gunarathne et al. [18]. Syngas generated in thegasifier process was assumed to be used as fuel for the furnace andexcess heat was cascaded from the furnace to the gasification process,contributing to increased overall energy efficiency. Johansson [19]investigated the effects on global GHG emissions of replacing liquefiedpetroleum gas (LPG) by bio-SNG in steel industry reheating furnaces.The results indicated that by substituting 220 GWh of LPG per year in asingle Swedish scrap-based steel plant, fossil GHG emissions could belowered by up to 52 ktonnes/year. In a previous study by Johanssonet al [20], a scenario analysis was performed regarding economic in-centives for a steel plant to invest in a biomass gasifier to substitute LPGwith bio-SNG produced from biomass pellets. The results showed thatinvestment in a biomass gasifier would not be profitable in any of themarket scenarios considered, with production costs for bio-SNG rangingfrom 79 to 130 EUR/MWh. However, a more recent study on stand-alone biomass gasification for production of bio-SNG suggests that costsfor production could decrease to approximately 60 EUR/MWh [21].The purpose of this work is to assess if use of LBG produced viabiomass gasification constitutes an economically feasible pathway toreduce net GHG emissions associated with current use of liquid orgaseous fossil fuels in the Swedish ISI. The scope of the work in-corporates all fuels used for heating purposes in the Swedish ISI, whichincludes scrap-based steel production plants, iron ore pelletizing plants,ore-based direct reduction plants, and steel processing plants. The studycomprises an analysis of how a potential increased demand of LBG fromthe transport sector could help facilitate the phase-out of fossil fuels inthe ISI, assuming that the increased demand for LBG from other sectorscould contribute to decreased overall production costs. We hypothesizethat there is a positive relation between demand for LBG in other sec-tors (mainly the transport sector) and the economic potential for its useas fuel in the ISI. The analysis will highlight how the demand for LBGfor transportation purposes or from other sectors can impact the steelindustry as well as identifying the level of CO2-charge that would beneeded to achieve a phase-out of fossil fuels for heating in the ISI.In order to investigate the impact of spatial aspects, such as plantlocation and transportation distances, on the total system performance,a full supply chain perspective is applied, including a geographicallyexplicit representation of plant locations and biomass availability. It isassumed that LBG is produced in gasification plants integrated withsawmills, as suggested in reference [22]. Previous research has alsoshown that integration of biomass gasifiers with sawmills can con-tribute to both increased economic and environmental performance ofthe gasification plant [23,24], since a sawmill can act both as a sourceof suitable feedstock in the form of industrial biomass residues, and as alow-temperature heat sink for excess heat from the LBG productionplant.The analysis is based on process modeling of LBG production plantsand possible heat integration with Swedish sawmills and applies thegeographically explicit supply chain model BeWhere Sweden [25–27].An energy market scenario tool is applied to generate possible futureprice scenarios for the analysis. Thus, this work combines processmodeling, supply chain optimization and scenario analysis in a uniqueway, providing the opportunity to thoroughly analyze the economicpotential to replace fossil fuels for heating purposes with renewableLBG in the Swedish ISI.The scope of the study is Sweden, where both iron and steel (14.6%of GDP) and forest products (11.6% of GDP) are among the dominatingtypes of industry [28] and where the transportation distances are
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comparably relatively long, the overall conclusions of the work canprovide general insights into the challenges of substituting fossil fuels inthe ISI with bio-based alternatives. It should also be stated that thereare other possible options for the iron and steel industry to phase outfossil fuels that are without the scope of this work, including elec-trification (full or partial), different types of electrofuels, or biomethanefrom other types of feedstocks, e.g., municipal waste. However, usingbiofuels, and in particular LBG, has been highlighted as one of the mostpromising options.
2. Methodological framework
2.1. Studied system and system boundaries

Fig. 1 shows a simplified schematic flowchart for the studied LBGsystem, including the relevant system boundaries considered in thiswork. The figure represents the entire value-chain from forest residue tothe end-user, applying a “well-to-tank” perspective. The study buildsupon previous work by Ahlström et al. [29], who investigated the valuechain of producing LBG though biomass gasification integrated withgeneric Nordic sawmills.The system was investigated using the BeWhere Sweden model,which minimizes the total system cost considering the costs of energycarriers, transport, and investments, as described in more detail inSection 3.4.
2.2. Framework

The following working procedure was applied to assess the system(detailed descriptions of methods and assumptions are presented inSection 3.)
1. Generalized representation of the integrated LBG production process:Process modeling, heat integration calculations and the size-de-pendent capital investment costs (CAPEX) estimations were basedon the work performed by Heyne [30,31] and Ahlström et al. [29].The mass and energy balances of the integrated LBG facility weredetermined using the process modeling software Aspen Plus Version8.8. Heat integration opportunities with the sawmill were in-vestigated using pinch analysis.2. Production and demand at different locations. All sawmills in Swedenwere inventoried in terms of production capacity and geographical

coordinates. A generic representation of a Nordic Sawmill was ap-plied to estimate by-product flows and heat demands [32]. The re-sults from step 1 were used to determine the size and investmentcosts of process integrated LBG production units at all availablesawmills in Sweden. Similarly, all ISI sites in Sweden were mappedwith respect to location and utilization of gaseous or liquid fossilfuels for heating purposes.3. Energy market scenarios. The energy price and carbon balance toolENPAC [33,34] was used to generate future price scenarios, in-cluding biomass prices, CO2-charge, fossil energy carrier prices, andeconomic policy support measures for biofuels.4. Supply chain model. The individual plant data developed in step 2together with the energy market scenario price data (step 3) wasimplemented in the geographically explicit, mixed integer linearprogramming (MILP) model BeWhere Sweden. The model mini-mizes the total system cost of the biomass and biofuels sectors inSweden under specified constraints, e.g. demand for biofuels in theISI (see Section 3.5).5. CO2 charge sensitivity analysis. Additional analysis was performedwith respect to the CO2-charge in all the assessed scenarios.
The supply chain model was run for a number of different scenariosregarding future policy instruments and types of integrated LBG pro-cesses. Therefore, with the purpose of clarifying and distinguishingbetween concepts, the following annotations are introduced:

- Integration scale (steps 1–2 above) refers to the size (productionoutput) of the LBG process relative to the host sawmill.- Technology cases (step 1) refers to two modeling cases which differaccording to whether or not a very large LBG plant is considered inrelation to the host sawmill industry.- Other sectors refer to LBG demand from sectors other than the ISI,e.g. shipping and transportation (see Section 3.3).- Energy market scenarios (step 3) refers to the different price scenariosfor future energy markets, developed with the energy market sce-nario tool ENPAC (see Section 3.5)
Section 3.7 summarizes all performed model runs.

3. Methods and assumptions
The LBG production plant is described in Section 3.1, plant sizing

Fig. 1. Simplified figure of the studied system. The inner dashed area represents the system boundaries of the LBG plant, and the outer dashed area the systemboundaries of the heat and feedstock integrated sawmill and LBG process.
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and heat integration in Section 3.2, and assumptions and data on the ISIand LNG-terminals in Section 3.3. Section 3.4 presents the BeWhereSweden model, Section 3.5 outlines the energy market price scenariosand CO2 charge analysis, and Section 3.6 defines the performance in-dicators used in the analysis. Unit conversion factors of 0.42 odt/m3(oven dried tonnes of wood, 0% moisture) and 4.9 MWh/odt (energycontent of woody biomass, LHV) were used.
3.1. LBG production

The gasification plant assumed for LBG production was based on thesteam blown, DFB gasification concept described in detail in Ahlströmet al [29]. Before entering the gasifier, the fuel is dried in an air blowndryer. DFB gasification includes two separate reactors for fuel conver-sion. Feedstock and steam are fed to the gasification reactor where thevolatiles are released, and part of the char is gasified. The remainingchar is transported with a circulating flow of bed material to thecombustion reactor where air is added, and the char is combusted. Heatfrom the combustion heats the bed material that is recirculated to thecombustion reactor, thus providing the heat required to sustain theendothermic gasification reactions [35]. The product gas leaving thegasifier contains tars which needs to be removed before the gas is fed tothe downstream methanation reactor train. A cryogenic unit is used toliquefy the final LBG product [36]. Fig. 2 shows the flowsheet of theLBG process considered in the study.
3.2. Sawmill integrated LBG production

The gasification plants were assumed to be heat and feedstock in-tegrated with the sawmills. This entails that excess heat from the ga-sifier is used to fulfil the heating needs of the sawmill, and that residualbiomass from the sawmill is used as feedstock for the gasifier. The heatintegration opportunities were identified using a background/fore-ground analysis approach based on pinch analysis methods (see e.g.Kemp [37]). The analysis was restricted to heat integration targeting,i.e. it was assumed that it is possible to achieve maximum heat recovery

from the LBG plant to the sawmill, but detailed design of the heat ex-changer network was not conducted.In sawmills, approximately 50% (by mass) of the logs are convertedinto sawn wood. The residue consists of bark, wood chips and sawdust.A generic Nordic sawmill was assumed, regarding the temperature le-vels of the heat requirements as well as the flowrates and compositionof the biomass waste streams. This implies that all considered sawmillsare assumed to have the same energy demands in relation to productioncapacity [32]. The sawmill process data is presented in Table 1. For thiswork, all Swedish sawmills with an annual production above 50,000 m3sawn wood were considered. Due to the high CAPEX of integrating anLBG production plant with smaller sawmills, mills with an annualproduction of less than 50,000 m3 sawn wood were excluded. A total of95 potential host sawmills were thus considered, representing 81% ofall sawmills in Sweden and 95% of the production capacity.Sizing of the LBG production plant capacity in relation to the saw-mill can be done according to different criteria. Ahlström et al. con-sidered five different sizing criteria [29], of which three were retainedin this study. The integrated production systems corresponding to thedifferent integration scales have similar biomass-to-LBG efficiencies butdepending on how they are integrated with the sawmill, they differwith respect to transportation distances of feedstock and product, in-vestment costs and electricity generation/import. Thus, the most at-tractive integration scale will depend on input parameters. For a thor-ough description of the process integration calculations andassumptions, see Ahlström et al. [29].The integration scales characterize the production scale of the LBGproduction plant in relation to the host sawmill as follows:• Scale 1 – The LBG production plant is sized to use all available re-sidues (bark, sawdust and wood chips) from the sawmill.• Scale 2 – The LBG production plant is sized according to the heatdemands of the sawmill. The feedstock supply rate to the LBG plantis determined based on the requirement that the excess heat releasedby the LBG plant is sufficient to satisfy the heat demand of the heatrecovery steam cycle (HRSC) powerhouse that delivers heat to boththe sawmill and the LBG plant.• Scale 3 – The LBG production plant size is fixed at 500 MWLBG,which corresponds to a feedstock intake similar to that of a largeSwedish pulp mill (720 MWth) [38]. A single plant with this pro-duction capacity is sufficient to cover the entire LBG demand fromthe Swedish ISI.
Integration scale 3 represents a plant size which is large from aSwedish perspective and it might not be realistic to build plants of thisscale. Therefore, the analysis was also done excluding the 500 MW LBGplant scale, giving two technology cases.Table 2 presents the data used to represent the three integrationscales in the BeWhere Sweden model, i.e. the energy balances of the

Fig. 2. Flowsheet of the LBG production process [29].
Table 1Generic Nordic sawmill characteristics [32], per kg of dry sawn wood product.
Sawlogs 2.12 kg dry
Heating requirement for drying of wood 2645 kJ, 75 °CHeating requirement for space heating 353 kJ, 30 °CLHV50%w.t. (weighted average of residues) 8.59 MJ/kgSawn wood 1 kg dryResidues- Sawdust 0.17 kg dry- Wood chips 0.55 kg dry- Bark 0.4 kg dryMoisture content (weighted average of residues) 50% Weight base
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integrated LBG production facilities. The primary electricity consumeris the reversed Brayton cycle used to liquefy the bio-methane to LBG.All parameters were scaled linearly with the annual production of thehost sawmill, except for Integration scale 3 where the LBG plant size isconstant in relation to the sawmill, meaning that it always requires 720MWth of biomass. The electricity usage is also constant for Integrationscale 3; however, the electricity production varies with the heat in-tegration, which depends on the size of the sawmill. Therefore, theelectricity generation for each individual site was calculated usingpolynomial regression with the sawmill production size. The regressionexpression was estimated based on the production data from the threedifferent sawmill sizes (described in [29]). The equation is presented inEq. (1), and the equation constants in Table 3.The only potential benefit considered for the sawmill related to theintegration, was the reduced need for fuel for internal heat productionresulting from the use of excess heat from the LBG production plant.Other potential benefits such as avoided alternative investments werenot considered. Other co-location benefits (such as shared plant staff,buildings and service facilities, feedstock handling systems) were notconsidered either.The size-dependent capital investment costs (CAPEX) were calcu-lated based on the work by Holmgren [39] and presented in [29], as-suming Nth plant capital costs using the monetary value year of 2016.Capital costs were annualized using a capital recovery factor (annuityfactor) of 0.1, which corresponds to, e.g., a plant lifetime of 20 yearsand a discount rate of 8%. Annual operation and maintenance costswere set to 4% of the investment cost [40]. The CAPEX calculationswere performed for each integration scale using detailed scaling datafor each process unit operation [39]. The CAPEX for the three in-dividual integration scales was calculated for integration with the threedifferent sawmill sizes and polynomial (power) regression was used togenerate a cost equation that relates the CAPEX of the LBG productionplant to the size of the intended host sawmill (Eq. (1) and Table 3).
=Y kSx (1)
Y is the capital investment cost in MEUR or the electricity generatedin MWel and S is the size of the host sawmill in m3 of wood sawn an-nually. All calculations assume a yearly operating time of 7,838 h1.In BeWhere, all three integration scales were considered on an in-dividual plant level, i.e. the OPEX and CAPEX corresponding to all threeintegration scales were calculated for all potential host sawmills beforerunning the optimization. BeWhere includes data for the productioncapacity of each individual sawmill site. Data from Tables 2 and 3 were

used to identify costs and level of production for the LBG plant as in-tegrated with each specific sawmill.
3.3. LBG demand – iron and steel industry and other sectors

LBG was assumed to be used either in the ISI, or in other sectors.Regarding the ISI, 16 industrial plants in Sweden currently use fossilliquid or gaseous fuels in furnaces or for iron pellet production. Theaggregated primary fossil fuel demand of these furnaces is 3.9 TWh/ycomprised of LNG (33%), LPG (46.5%), NG (7.1%) and oil (13.2%). TheLBG was assumed to be delivered directly to the ISI plant from the LBGplant.The other sectors were not explicitly defined but include e.g. heavy-duty vehicles for road transport, and shipping. This LBG was assumed tobe distributed through LNG terminals. Existing as well as planned LNGterminals (import and bunkering) in, or close to, Sweden were included,based on data from [41]. All terminals were assumed capable ofhandling LBG. BeWhere Sweden was run varying the aggregated de-mand of LBG in other sectors in four equally distributed steps (0, 4, 8and 12 TWh/y). As a reference, the maximum demand from othersectors (12 TWh/y) is similar to the estimated amount required toachieve carbon-neutrality for the Swedish transportation sector[42,43]. When modelling the demand in other sectors, it was assumedthat there was an allowed LBG delivery span of± 0.5 TWh/y. This span(relaxation of the MILP model) was introduced in order to avoid solu-tions where the model is forced to use specific production sites orconfigurations to produce an exact quantity.The locations and scales of the ISI and LNG terminals are presentedin the Appendix.
3.4. BeWhere Sweden – Model description and key input data

The optimization model BeWhere Sweden has been developed forextensive systems analysis of biofuel and bioenergy systems. The model,its underlying assumptions and input data are described briefly in thefollowing sections; additional details can be found in [25,27,44]. Inprevious studies using the BeWhere Sweden modeling framework (seee.g. [25,44–46]), the analysis focused on biofuels for transportation.For this study, the model was complemented with the option to alsoproduce biomass-based fuels for use in the ISI. 2016 was used as baseyear, and all costs are given in EUR2016. For currency conversions, thefollowing exchange rates were used: 9.63 SEK/EUR, 8.54 SEK/USD.The majority of process data and assumptions were taken from Pet-tersson et al [25]. Only the main changes applied to the input dataspecifically for this work are discussed hereafter. All flows of biomassand other energy carriers were converted to energy units (Wh) based ontheir lower heating value (LHV).BeWhere Sweden is a MILP model written in GAMS, which usesCPLEX as solver. The model is geographically explicit regarding bio-mass supply, competing biomass demand, potential new LBG produc-tion, transportation infrastructure, and LBG demand. For this study, themodel was run statically for one year at a time, and the input price dataand level of CO2-charge were varied for different scenarios (see Section3.5).The model objective was to minimize the total system cost to satisfythe LBG demand, while simultaneously satisfying a fixed biomass

Table 2Energy balance for the three integration scale configurations. “bio,th” denotes thermal biomass power (MW LHV basis).
Biomass for gasification [MW/m3sw] Electricity prod. [MWel/MWbio, th] Electricity consumption [MWel/MWbio,th] Biomass combusted [MWth/MWbio,th] Conversion efficiency [MWLBG/MWbio,th]

1 0.00028 0.057 0.104 0 0.6942 0.00014 0.155 0.083 0 0.6943 Constant – 0.104 0 0.694
Table 3Regression coefficients and related R2 value for the power regression (eq. (1))used to calculate electricity production for integration scale 3, and CAPEX forall three integration scales.
Integration scale k x R2
1 0.0144 0.7384 0.9992 0.0183 0.685 0.9993 723.98 0.0077 0.9993 electricity generation 75.49 −0.003 0.93

1 With an on-stream factor of 92%, and 355 days/y of operation.
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demand in other sectors, considering costs for energy carriers (in-cluding fossil energy carriers), CO2 emissions, biomass and LBG trans-port, and costs for investment and operation and maintenance. Thesystem cost is thereby a measure of the cost for the system to satisfy thetotal LBG demand, including that of the ISI, over one specified year. Themodel thus allows production of LBG for usage in the ISI only if the costfor producing and delivering the LBG is lower than the cost for the fossilenergy carrier (including CO2-charge) it replaces.Continuous decision variables in the model include the flow ofbiomass from supply to demand sites and the flow of LBG from pro-duction sites to LNG terminals and/or ISI sites. Binary variables includechoices of location(s) and integration scale(s) for LBG production. Themodel was constrained on the domestic biomass supply consideringtechnical and economical limitations and specified levels of importwere allowed (see Section 3.4.2).
3.4.1. Geographic scopeTwo different geographic representations were used: a base modelgrid (0.5-degree spatial resolution), and explicit locations. The geo-graphical scope was limited to current land-use, which means that noland-use change from e.g. agriculture to forestry was considered.Table 4 summarizes the geographic representation for the differenttypes of parameters.
3.4.2. Biomass resourcesThe focus of the investigation was on woody biomass resources:forest biomass from forestry operations, by-products from forest in-dustry, waste wood, and refined wood pellets. Table 5 summarizes themodeled biomass supply, and the spatial distribution is presented gra-phically in the Appendix.Regarding virgin forest biomass resources, feedstocks from forestryoperation (sawlogs, pulpwood, harvesting residues and stumps) wereconsidered. The supply potential was estimated based on modeledscenarios from the Swedish Forest Agency’s forest impacts assessment(SKA 15) [47] (“Today’s forestry” scenario), where theoretical potentialoutcomes from future harvesting operations (final fellings and thin-nings) were calculated. A bottom-up approach was used to estimate thespatial variation in forest biomass harvesting and extraction costs, byapplying time and productivity functions for forestry machinery on thegeographically explicit forest data. The disaggregated forest biomasscost-supply data was aggregated on the model grid. The approach isdescribed in detail in [25,45,48].Two different types of forest industry by-products were included:sawmill wood chips and low-grade industrial by-products, e.g. bark,sawdust. The modeled quantities were based on production volumes(site-specific) and generic yield relations [49–51]. Waste wood quan-tities were estimated based on [52], and disaggregated on the modelgrid based on population. Refined wood pellets were considered both

from domestic production and from import.Regarding biomass trade, Sweden currently imports a certainamount of forest industry feedstock (mainly pulpwood and saw logs,but also some wood chips), primarily from neighboring countries in-cluding the Baltic states. In this study, we assumed that saw logs andpulpwood can be imported to supplement the domestic wood supply. Acap on the import was set to 5 and 15 TWh/y for saw logs and pulp-wood, respectively, which can be compared to current net import vo-lumes of 2.5 and 12 TWh/y [53]. For refined wood pellets, no importrestrictions were assumed.
3.4.3. Demand for woody biomassCompeting demand from the forest industry (pulp mills, sawmillsand pellets industries) as well as the stationary energy sector (heat andelectricity), was considered and described statically on an annual basisin the model, based on production and demand from 2015 to 2018,depending on data availability [49,50,52,54–56].Table 6 summarizes the demand sectors, the specified demand le-vels, and the biomass types each sector can use.
3.4.4. Transportation and distributionTransport of biomass feedstocks and LBG was assumed to occur byroad, rail and short sea shipping. The transportation costs between allpossible origins and destinations were calculated with a geographicallyexplicit intermodal transport model (pre-optimization), as described in[45].Table 7 presents the transport cost parameters that have a sig-nificant impact on the results of this work. The transportation costs forLBG was based on the work by Börjesson et al [57].

Table 4Specific geographic model representation.
Model parameters Geographic representation
Biomass supplyForest biomass (stem wood and residues) Grid-based, bottom-up aggregationWaste wood Grid-based, top-down disaggregationIndustrial by-products Explicit locations, bottom-up estimationIndustrial & energy sector biomass demandSawmills Explicit locations, bottom-up estimationPulp and paper mills Explicit locations, bottom-up estimationPellets production plants Explicit locations, bottom-up estimationDistrict heating (DH) Explicit locations, bottom-up estimationBiofuel production and demandLBG production Explicit locations, process modelLBG demand in iron and steel industry Explicit locations, bottom-up estimationLBG demand in other sectors Explicit terminal locations, aggregated demand

Table 5Aggregated modeled biomass supply.
Biomass types Supply potential [TWh/y]
Forest virgin biomassSawlogs 89Pulpwood 69Forest residues 31Stumps 16Forest industry residuesSawmill chips 25Low-grade by-products 23Other woody biomassesWaste wood 5.1Wood pellets Unrestricted a
a The modelled domestic production amounts to 8.1 TWh/y.Unrestricted import of pellets was considered.
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3.5. Energy market scenarios
The energy price and carbon balance scenarios tool ENPAC [33,34]was used to construct energy market scenarios with consistent para-meters, depending on possible future climate policy development. TheENPAC-derived scenarios are based on the three different future de-velopment pathways developed by the International Energy Agency(IEA) for the World Energy Outlook 2018 [58]; applying (1) currentpolicy support (Current Policy, CP), (2) future estimated policy support(New Policy, NP), and (3) back-casted calculations for the levels ofpolicy support that would be required to reach net-zero GHG emissions(Sustainable Development, SD). The tool estimates costs for differentenergy carriers for different years up to 2040, based on assumptionsregarding technologies available for future electricity generation andpotential marginal price-setting users of wood fuel.In this work, one base scenario for the year 2016 was considered aswell as five different future energy market scenarios generated usingENPAC. Since one purpose of the analysis was to evaluate the CO2-charge required to achieve large changes in the output of the model, theextremes in terms of energy prices were applied. The specific timehorizons were thus not an influencing parameter when selecting sce-narios, as this study does not explicitly evaluate the influence of dif-ferent global policies on the development of LBG production over time.The following energy market scenarios were considered:

i. Base scenario for 2016 (Base)ii. Scenario corresponding to a CO2-charge development deemed ne-cessary to reach the target of a maximum 2 °C global temperatureincrease, as specified by the UN; applied for the year 2025 (SD2025)iii. Scenario assuming that all currently announced policy instrumentshave been implemented by the year 2030 (NP 2030)

iv. Same scenario as Scenario ii, but for the year 2030 (SD 2030)v. Scenario applying the policies that are currently applied but for theyear 2040 (CP 2040)vi. Same scenario as Scenarios ii and iv, but for the year 2040 (SD2040)
Table 8 presents data for the selected energy market scenarios. Themain difference between the scenarios is the level of CO2-charge that isapplied to net fossil CO2 emissions. The CO2-charge directly impacts theprice of fossil energy carriers, i.e., a high CO2 emission charge leads to adecreased demand for fossil fuels and hence a lower base price (theprice of the fuel excluding the CO2 cost).The fossil fuel prices are partly used as reference costs for the model.LNG is assumed to be the reference fuel used in other industry sectors,which is used to fulfill the demand not covered by LBG and purchasedat the cost of LNG including CO2 charge. The other reason for providingfossil fuel prices is to represent the current ISI fuel costs (fuel oil, LPG,NG and LNG). Thereby, the cost of using LBG needs to be lower than thecost of any of these fuels (including CO2 charge) for the ISI to switch toLBG.The wood fuel market price is calculated based on the willingness topay (WTP) for a specified marginal wood fuel user category. Productionof industrial pellets used to replace coal in industry or power plants,and transportation biofuel (Fischer-Tropsch fuels) were considered inENPAC as examples of global bio-based energy carriers that can berelated to marginal use of local unrefined biomass. The pellets price isdirectly related to the price of coal, including CO2-charge (EU ETS). Fortransportation fuels, the WTP for biomass depends on the fuel pro-duction costs and the market price for fossil transport fuels (i.e. petroland diesel), including CO2 charge, and whether there are additionalpolicy instruments supporting production of renewable transport fuels.The transport sector is currently not a part of the EU ETS system and itwas assumed that this will remain the case within the time frameconsidered in this study. Therefore, a different level of CO2 charge canbe assumed for fossil transportation fuels. The level chosen in the sce-narios corresponds to the current level in Sweden [59]. In addition, apremium supporting production of biofuels was assumed, set at a levelcorresponding to the current level in Sweden (exemption from energytax). The biomass price generated by the ENPAC tool is assumed tocorrespond to the average national price of tree tops and branches.Prices for other biomass feedstock types and the geographical pricedifferences were assumed to correlate following the current marketprice ratios.The biofuel support represents a direct economic support on thepurchase price of LBG when used as a vehicle fuel, which in this study

Table 6Aggregated primary demand for different woody biomass assortments for biofuel production, forest industries and the stationary energy sector.
Biomass feedstock types

Demand sector Aggregated demand(TWh/y) Saw logs Pulpwood Forest residues (branchesand tops) Stumps Sawmillchips Low-grade by-prods. Wastewood Woodpellets
Sawmills (sawn products) 71 xSawmills (heat demand) 4.6 x xPulp and paper mills (pulp) 88 x x xPulp and paper mills (heatdemand) 22a x x x x x x
Pellets production plants 8.1 x xStationary energy (DHb andCHPc) 17 x x x x x x x
LBG production 0, 4, 8, 12d x x x x x
a Including use of internal fuels, excluding black liquor. b District Heating. c Combined Heat and Power plant. d Varying

Table 7Transport costs (EUR/GWh) for feedstocks and biofuels.
Energy carrier Road Rail Short sea
Saw logs and pulpwood 326 + 26.4da 1316 + 2.14d 1060 + 0.983dForest residues, stumps(chipped) 1103 + 34.8d 1924 + 2.82d 1046 + 1.29d
Industrial by-products,pellets, waste wood 554 + 33.0d 1826 + 2.68d 1325 + 1.23d
LBG 7.9d 165 + 0.432d 583 + 0.392d
a d is the transport distance in km. Based on [45,57].
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applies when it is delivered to other sectors but not when purchased bythe ISI. Thus, the support does not directly affect the amount of LBGthat is produced. However, it affects the system supply cost of LBG, seeeq. (3).The electricity market module of ENPAC tool identifies the tech-nology with the lowest levelized cost of electricity generation (in-cluding power plant investment cost) in the base-load electricity market(build margin). The build margin technology is assumed to determinethe long-term future electricity wholesale price. Candidate build marginpower plant technologies considered in ENPAC for this study includecoal, natural gas combined cycle (equipped with CCS in certain sce-narios), and wind power (except scenario (i)).The prices for sold and purchased electricity are treated separately,and for new installed renewable electricity production, a green elec-tricity premium is added on top of the selling price for electricity.
3.5.1. CO2-charge analysisAdditional analysis of the impact of the CO2-charge was performedon all individual integration scales and scenarios for technology case 1(excluding the 500 MW LBG plant configuration). Technology case 2 wasexcluded, as it would not provide additional insights and since case 1was deemed more realistic in Sweden (see Section 3.2). The analysiswas performed by increasing the CO2-charge affecting only the ISI tofour set values, as presented in Table 9. The purpose of the additionalanalysis was to investigate the levels of CO2-charge that would be re-quired to make it economically justified for the Swedish ISI to fullyreplace fossil fuels with LBG produced via biomass gasification.The values for the CO2-charge analysis were selected based on re-sults from previous research [9,64].
3.6. Performance indicators

All cases were evaluated on the basis of two main aspects: (1) theshare of the fossil liquid and gaseous fuels used for heating purposes inthe ISI that is replaced by LBG (LBG share in ISI), and (2) cost of sup-plying LBG to the system (LBGsupply cost).The share of LBG after substitution of fossil fuels in the ISI wascalculated according to Eq. (2).
=LBGshareinISI

LBG LBG
TotalISIfueluse

produced demand othersectors, (2)
where LBGproduced is the total quantity of LBG produced in TWh/y andLBGdemand, other sectors is the LBG supplied to the LNG fuel terminals inSweden, also in TWh/y.The system cost of supplying LBG was calculated from the totalsystem cost using Eq. (3)

= +

LBG

LNG
C C

LBG
Biofuel

( )
supplycost

price incl CO charge
total system base total system

produced
support( . 2 )

, , ,

(3)Biofuelsupport is the policy support for transportation biofuels in EUR/

MWh, Ctotal system base, , is the cost, in EUR, for the base case excluding allLBG production, and Ctotal system, is the cost for each individual case, inEUR. The equation presents the actual cost of the system for using fossilfuels, i.e. the biofuels support and the price of the fuel and attributes thechange in total system cost to LBG delivery to the ISI.A quantitative geographical analysis was also applied in order toidentify major spatial trends. Software ArcGIS was used to map the ISIsites receiving LBG as well as the sawmills hosting LBG plants.
3.7. Overview of all evaluated cases

An overview of all model runs for each level of LBG demand fromother sectors is presented in Table 10.As the table shows, all energy market scenarios were evaluated bothincluding and excluding policy support for biofuels. This gives a total of10 cases, since the base scenario (scenario i) was only considered once.All these cases were evaluated for two technology cases, i.e. both ex-cluding and including the 500 MW integration scale, as described inSection 3.2, resulting in a total of 20 cases, as presented in Table 10.The 20 cases were evaluated for four levels of LBG demand from othersectors, where the demand was varied from 0 to 12 TWh/y LBG (seeSection 3.3). This means that in total 80 model runs where performed.To enable the calculations in Eq. (3), a case with 0 TWh of demandof LBG from other sectors, as well as 0 TWh production of LBG wasperformed. These results were only used as a reference scenario. Inaddition, analysis of additional CO2-charge was performed separately(see Section 3.5.1).
4. Results and discussion

The first three sections of this section describe and discuss the mainresults regarding the resulting LBG production and use, selected plantconfigurations, and spatial aspects, whereas the subsequent parts focuson the economic results and the additional CO2-charge analysis.
4.1. Replaced fossil fuels in the iron and steel industry

Fig. 3 shows the resulting share of fossil fuels currently used forheating purposes in the Swedish ISI that is replaced with LBG for thedifferent model runsBoth technology cases result in LBG delivered to the ISI for certainscenarios. Notably, only one energy market scenario (scenario i) thatcontains biofuel policy support, results in any LBG to the ISI, regardlessof the demand from other sectors (scenario v, conversely, contains nopolicy biofuel support, see Table 8).To understand what makes scenario i, the base scenario, particularlybeneficial for LBG delivery to the ISI, both the relative energy market

Table 9CO2-charge applied in the additional analysis.
Case Charge on CO2 emissions from fossil fuels [EUR/ton CO2]
1 1252 1503 2004 250

Table 10Overview of all model runs (cases) for each level of LBG demand from othersectors.
Energy market scenarios
i ii iii iv v a viTechnology case 1: excl. integration scale 3(500 MW)Including policy support for biofuels x x x x (x) xExcluding policy support for biofuels x x x x xTechnology case 2: all integration scalesIncluding policy support for biofuels x x x x (x) xExcluding policy support for biofuels x x x x x

a The biofuel policy support in scenario v is 0, but this scenario is still runtwice, for consistency.
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prices and the detailed production results must be examined. Not onlydoes scenario i have the lowest biomass prices – it also exhibits rela-tively high fossil fuel prices for the ISI and an exceptionally high will-ingness to pay for LBG in other sectors, which is due to a very highbiofuel policy support (corresponding to the current Swedish exemptionfrom energy and CO2 tax). As described in Section 3.3, the modelconstraint on the demand of LBG from other sectors is specified to allowa span of± 0.5 TWh/y. As a result, the amount of LBG delivered to theISI or to other sectors may differ between scenarios by up to 1 TWh/y,for a given total quantity of produced LBG. The simultaneously highprice ratios for both LNG-to-biomass and fossil-fuels-to-biomass in sce-nario i, thus imply that the model seeks to maximize the LBG productionwithin the given± 0.5 TWh/y relaxation constraint, but only up to thelimit where additional LBG plants would need to be introduced.Additional plants would cause the LBG production cost to increase to alevel higher than the value of the LBG for the ISI.The inclusion of biofuel support (biofuel policy support) for LBG asa transportation fuel has a noticeable, negative effect on the amount ofLBG delivered to the ISI, as the modelled support only targets thetransport sector. This shows that a targeted biofuel support aimed at de-fossilization of the transport sector risks leading to market distortion, asLBG would then be attributed a higher value for use in transportationthan in the ISI.The total resulting replacement of fossil fuels in the ISI by LBG isrelatively moderate, and peaks at approximately 9% when includingthe 500 MW LBG plant, and at approximately 6% when excluding it. Formost cases, LBG to the ISI peaks at a 4 TWh/y LBG demand from othersectors. None of the analyzed cases results in additional LBG productionplants constructed exclusively to meet the demand of the ISI. Regardlessof price scenario, without a demand for LBG from other sectors, aswitch to LBG will thus not be economically justifiable for the ISI.
4.2. Plant configuration selection

Figs. 4 and 5 show the number of LBG plants and the total amount of

LBG production per integration scale. When the 500 MW LBG productionplant (integration scale 3) is allowed (technology case 2, right side ofFigs. 4 and 5), this configuration is always preferred, due to the sig-nificantly lower specific CAPEX. The 500 MW configuration has ahigher production than any of the other integration scales, regardless ofthe sawmill host site. This entails that regardless of scenario, a max-imum of three LBG plants are constructed for technology case 2, as theproduction from each of these plants is close to 4 TWh/y.When the 500 MW option is excluded (technology case 1, left side ofFigs. 4 and 5), the number of plants required increases by a factor of six,approximately. The LBG plant sized to use all the available sawmill by-products constitutes the preferred configuration (integration scale 1).LBG plants sized to match the heat demand of the host sawmill (in-tegration scale 2) appear in the solution at higher LBG demands, and, forenergy market scenario i and ii (excluding policy support), also at lowerdemands. Ahlström et al. [29] showed that these two integration scalesindeed have similar production costs, with the heat-demand size con-figuration (scale 2) favored for large sawmills and the by-product size(scale 1) favored for smaller sawmills. However, the total production ofLBG is lower for integration scale 1 compared to scale 2, at any givensawmill site. The preference seen here for the by-product sized con-figuration is explained by the low feedstock related costs (purchasingand transportation costs). With the heat-demand sized configuration,additional feedstock (forest residues) must be imported to the plant,which increases the total feedstock costs. When the demand from othersectors increases, the available industrial by-products at suitable saw-mill sites become insufficient to meet the total feedstock demand. Theincreased size of the LBG plant in integration scale 2 also contributes tolower specific CAPEX. Due to geographical redistribution and thehigher demand of LBG, the priority order of feedstocks costs relative tothe specific CAPEX shifts when the total scale of LBG productionreaches a certain limit, which causes integration scale 2 to become morefavorable. Scenario i and, to some extent, scenario ii are characterized byrelatively low biomass prices compared to the fossil prices, and are thusless sensitive to the additional costs for imported forest residues, for

Fig. 3. Share of fossil fuels used for heating in Swedish iron and steel industry (ISI) replaced by LBG fuel for all combinations of energy market scenarios, technologycases, and levels of LBG demand from other sectors (total of 80 model runs).
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which reason integration scale 2 are preferred already at lower total LBGdemands.The demand in other sectors is, as discussed in the previous section,fundamental to the LBG production. Fig. 4 in combination with Fig. 3show that the economic benefits of utilizing LBG in the ISI are not largeenough in any of the considered scenarios to lead to the introduction ofadditional plants. The total production level only exceeds the bound-aries specified for the demand in other sectors in energy market scenario i(the base scenario), where more LBG is produced than is required by theother sectors. However, less LBG is still delivered to the ISI compared toin the other scenarios with any delivery to the ISI, which shows that, inscenario i, the delivery to the other sectors is maximized and the

additional production is delivered to the ISI. The explanation was givenin the previous section, in that scenario i is characterized by a highwillingness to pay for LBG in both the ISI and other sectors, relative tothe biomass price.Figs. 4 and 5 also show that the inclusion of biofuel policy supportin the different energy market scenarios has a limited impact on thechoice of integration scale, as all scenarios result in similar producedquantities of LBG and types of configuration, regardless of whether ornot biofuel support is included. For technology case 2, only scenario idiffers in that a plant with an integration scale other than the 500 MWplant configuration is selected. For technology case 1, small differencesappear in the total LBG production between the energy market scenarios,

Fig. 4. Number of LBG plants per integration scale (type of configuration), for all combinations of energy market scenarios, technology cases, and levels of LBGdemand from other sectors (total of 80 model runs).

Fig. 5. Annual LBG produced per integration scale (type of configuration), for all combinations of energy market scenarios, technology cases, and levels of LBGdemand from other sectors (total of 80 model runs).
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for a given demand in other sectors. Those differences are explained bya certain variability in preferred locations, as discussed in the followingsection.It can be concluded that there is an upper cost bound for buildingplants specifically for LBG production for the ISI and that further eco-nomic incentives would be required to reach that bound. Under the

conditions investigated here, the demand in other sectors completelydrives the development and introduction of LBG production plants.
4.3. Spatial results

In order to fully explain the results regarding the conditions that

Fig. 6. Maps displaying the location of the sawmills selected to produce LBG (red markers) and the ISI plants to which LBG is delivered (blue markers). The size of themarkers indicates how often a specific site is chosen by the model for the 10 energy market scenario model runs, for different LBG demand from other sectors (4, 8, 12TWh/y, from left to right). The upper three maps display the results for technology case 1 (excluding the 500 MW LBG plant configuration); the lower three theresults for technology case 2 (including the 500 MW configuration).
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benefit delivery of LBG to the ISI, the spatial dimension must also beinvestigated. Fig. 6 displays the number of occurrences of specific lo-cations in the model results, for LBG production plants and ISI sites towhich LBG is delivered.For technology case 1 (500 MW excluded), the same sawmill loca-tions appear for all three levels of LBG demand, solely adding morelocations with every level of demand. In the model runs with thehighest LBG demand from other sectors, 12 TWh/y, the same sawmillsare favored as LBG production sites for all 10 energy market scenarios. Atlower LBG demand, a certain variability in the site selection betweenscenarios is apparent.For technology case 2 (500 MW included), fewer individual sitesappear in the model solution, but with a larger variability betweenenergy market scenarios, and no individual site appears for all 11 sce-narios. The main explanation is the large feedstock demand of the500 MW configuration, which entails relatively high transportationcosts for both feedstock and the LBG product, regardless of the chosensite. There are a number of suitable sawmill hosts that offer similarperformance from a production cost perspective, but with a clear ad-vantage for sawmills in mid- and southeast Sweden, due to lowercompetition from other biomass users (primarily the stationary energysector) in those areas. Factors such as price of transportation fuels andelectricity, which have a limited effect in technology case 1, were foundto have an impact, although nominally small, on the selected LBG plantlocations. This explains why different sites are preferred for differentenergy market scenarios.The smallest sawmill selected as a host for LBG production in anymodel run has an production capacity of 186,000 m3/y sawn wood, i.e.,significantly larger than the lowest considered limit of 50,000 m3/y. Forboth technology cases, the production capacities of the sawmills se-lected as hosts for LBG production plants range from 186,000 to521,000 m3/y. The distribution in sawmill capacity is slightly larger fortechnology case 1, than for technology case 2, due to the higher requirednumber of plants. The varying sizes of the host sawmills for case 1, andthe fact that a significant number of large-scale sawmills never appearas LBG plant hosts in the model solution, indicate that the location ofthe process is more important than the LBG production capacity of thesite. This effect is further emphasized when the scenarios with higherLBG demand from other sectors are examined, where more sawmillswith lower production capacity appear in the model solution.As previously stated, the LBG produced is delivered preferentially toother sectors than ISI in all energy market scenarios that include biofuelpolicy support, since the support is here considered to be specificallytargeted at the transportation sector. However, when the biofuel sup-port is excluded, the ISI benefits from a certain economic advantage dueto opportunities for lower transportation costs due to spatial proximity.Hence, when the biofuel policy support is excluded from the analysis,the additional LBG produced within the span of± 0.5 TWh/y is, to anextent, delivered to the ISI instead. This is particularly clear in tech-nology case 2, where the limited number of plants in combination withthe geographical distribution of the ISI locations, make it more bene-ficial to deliver the additional LBG to the ISI rather than includingmore, but expensive, plants and deliver LBG only to the LNG terminals.As previously described, the economic incentive for producing LBG atanother location, for the possibility of delivering a relatively small part(12.5% of the total production of 500 MW LBG) with lower transpor-tation costs, does not outweigh the importance of placing the plant atthe optimal location. This explains why more LBG, in general, is de-livered to the ISI for technology case 2 for the 4 TWh/y scenario.Conversely, more plants are needed for the 8 TWh/y demand scenario,which naturally increases the geographical distribution of the produc-tion. This is also seen in Fig. 3, as the relative difference of LBG de-livered to the ISI when comparing the model runs with different LBG

demands from other sectors, is much larger for technology case 2 thanfor case 1.ISIs located in Mid-Sweden are favored as recipients of LBG, for bothtechnology case 1 and 2. An additional ISI in northern Sweden appears asLBG user in the 4 and 8 TWh/y model runs, but disappears at 12 TWh/y, due to the overall decreased delivery to the ISI and a larger spatialdistribution of sawmill hosts. For both technology cases, the dis-appearance of the northernmost ISI from the model solution in the12 TWh/y model runs coincides with a geographical shift in preferredsawmill locations, with the center of gravity moved further to the south.In summary, the results show that when the 500 MW LBG plant isexcluded (technology case 1) both the size and geographic position of thesawmills will affect the LBG plant location. Contrarily, when the500 MW plant is included (technology case 2), only the location of thesawmill will have a noticeable impact if the site is chosen as a host sitefor LBG production, as the low number of LBG plants leads to a largerspread in where the plants can be optimally placed. It can thus beconcluded that while geography certainly factors in regarding plantlocalization and the relative benefit of delivering LBG to the ISI, thepossibility to set up cost efficient LBG supply chains is relatively flexibleand not dependent on just one or a few suitable plant locations.
4.4. Economic results

In Fig. 7, the total system cost has been re-calculated to the systemcost of supplying LBG (see Eq. (3)). The resulting LBG supply cost variesbetween approximately 70 and 120 EUR/MWhLBG, LHV, with large in-dividual differences between different model runs.The LBG supply cost increases with increased LBG production. Thisresult is expected as at higher LBG production, less suitable plant lo-cations and more expensive feedstocks must be mobilized. As the figureshows, the LBG supply cost for each energy market scenario is similarregardless of whether or not biofuel policy support is included. Thereason for this has already been discussed in the previous sections.Since the inclusion of biofuel support was found to have a very limitedimpact on the choice of both integration scale and LBG plant locations,the resulting LBG production costs are naturally also comparable; thedifference is only how the cost is allocated (i.e., the fraction of thesupply cost that is carried by the biofuel policy support). This alsohighlights how the inclusion of policy support makes it beneficial topush the resulting delivery of LBG to other sectors towards the upperend of the allowed ± 0.5 TWh/y production span at each demandlevel (see Section 3.3), since the policy support is not directly paid bythe system. Conversely, without the policy support, this incentive dis-appears.Fig. 7 further emphasizes what has already been discussed regardingpreferred integration scales, in that exclusion of the 500 MW plantconfiguration (technology case 1) results in higher LBG supply costs, dueto higher specific CAPEX. Comparing Figs. 7 to 3 also shows that thelowest LBG supply costs results in the largest shares of LBG to the ISI,even though the correlation between LBG delivered to the ISI and thesupply cost is nonlinear.
4.5. Analysis of impact of CO2-charge

Fig. 8 presents the replaced share of fossil fuels in the ISI for theadditional analysis regarding how the applied CO2-charge affects thedelivery of LBG to the ISI (compare Fig. 3). The absolute cost of theCO2-charge is increased to 125 EUR/tonCO2, 150 EUR/tonCO2, 200EUR/tonCO2 and 250 EUR/tonCO2, respectively, without changing anyother parameters. The indication of the level of CO2-charge in the figuregoes from light to dark colors, with the lightest representing 125 EUR/tonCO2 and the darkest 250 EUR/tonCO2.

J.M. Ahlström, et al. Energy Conversion and Management 209 (2020) 112641

13



To reach a 100% substitution of fossil liquid and gaseous fuels in theISI, a CO2-charge higher than 200 EUR/tonCO2 would thus be required,for all scenarios. Furthermore, the largest increase in replacement offossil fuels in the ISI occurs in most scenarios when the charge is in-creased from 200 to 250 EUR/tonCO2. Without any LBG demand inother sectors, scenarios i, ii, and iii, both with and without policy sup-port, reach close to 100% substitution in the ISI with a CO2-charge of

200 EUR/tonCO2. For the other scenarios, there is a need for a charge of250 EUR/tonCO2 or more.Interestingly, a 100% fossil substitution in the ISI only occurs with a0 TWh/y LBG demand from other sectors, which appears to contradictthe previous results, where utilization of LBG in the ISI required a de-mand from other sectors. This thus shows that a total LBG production ofaround 4 TWh/y, for delivery to any users (ISI or other sectors), can be

Fig. 7. System cost of supplying LBG for all combinations of energy market scenarios, technology cases, and levels of LBG demand from other sectors (total of 80model runs).

Fig. 8. Analysis increasing the CO2-charge to 125, 150, 200 and 250 EUR/ tonCO2 for all considered energy market scenarios (technology case 1). The analysis doesnot include the 500 MW LBG plant option (integration scale 3).
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sustained within the economic boundaries considered here, but thatproduction levels higher than that would require even higher will-ingness-to-pay for fossil substitution, regardless of sector. This is furtheremphasized by the trend in the results, when comparing the differentenergy market scenarios. In particular, scenario i, but also to some extentscenarios ii and iii, are characterized by low biomass prices compared tothe fossil prices. In contrast, scenarios v and vi, and, to some extent,scenario iv, are characterized by high biomass prices in relation to thefossil prices – in particular to the fossil fuel price for the ISI. As themarginal cost for biomass harvest increases with the quantity of bio-mass that is utilized in the system, the forest residues located the closestto the sawmills hosting LBG plants will be utilized first. When morebiomass is utilized, the model can counteract increased transportationcosts by relocating the LBG plants to other sawmills (as discussed inSections 4.2 and 4.3). However, when the total LBG production in-creases, there are fewer suitable sites left and the additional cost ofextracting forest residues increases. At a certain point, the LBG pro-duction cost thus starts increasing exponentially with the demand forbiomass. For the scenarios where 100% substitution never occurs, al-ready the base biomass cost is too high (in relation to the willingness-to-pay for LBG) to motivate any significant levels of LBG production to theISI. Scenarios iv-vi can also be seen to be marginally benefited by re-moval of the biofuel policy support, in that a slightly lower CO2-chargeis needed for the initial introduction of LBG to the ISI.It should be highlighted that in this analysis, the increase of CO2-charge does not have an impact on any other cost parameters. As de-scribed in Section 3.5, the ENPAC tool that was used to construct theenergy market price scenarios will respond to an increased CO2-chargewith increased biomass prices and conversely also increased fuel prices.Therefore, the results of this analysis should not be viewed as a definiteanswer regarding the charge levels required to achieve a 100% phase-out of fossil liquid and gaseous fuels in the Swedish ISI. Rather, theseresults are an indication that even very high CO2-charge levels may beinsufficient to achieve climate change mitigation targets are too low, atleast if they stimulate a full phase-out of fossil liquid and gaseous fuelsin the Swedish ISI. Furthermore, a lower biomass price is likely to give asimilar result as increasing the CO2-charge. This development is alsopossible but highly dependent on the demand of and competition forbiomass in a future energy system.
5. Conclusions

For the Swedish iron and steel industry (ISI) to reach zero net GHGemissions, biofuels will likely be needed in certain production pro-cesses, e.g., as a replacement for fossil gaseous and liquid fuels used forheating purposes. The results presented in this study show clearly thatthis development is highly unlikely, for a broad range of future energymarket scenarios. From a set of modelled future price scenarios, noneyielded a replacement of fossil fuels above 9% in the ISI, regardless ofbiofuel subsidies and level of CO2-charge. Furthermore, the scenariosthat were expected to lead to a larger degree of fossil fuel substitutiondid not achieve better integration of LBG into the system, due to sub-sequent higher biomass market prices.Additionally, this study concludes that:

• The CO2-charges estimated by the IEA to be required to reach thesustainability targets specified in the Paris Agreement, will not besufficient to substitute the primary liquid and gaseous fossil fuelswith LBG in the Swedish ISI.• Including the option of producing LBG in very large facilities(500 MW LBG), decreases the LBG supply cost, but the substitutionof fossil fuels in the ISI remains largely unaffected.• At the considered levels of CO2-charge and biofuel policy support,demand for LBG also in other sectors is crucial to achieve delivery ofLBG to the ISI.• Policy scenarios designed to reduce the usage of fossil fuels have anegative effect on the ISI due to the significantly higher resultingbiomass prices.• To reach 100% replacement of the fossil liquid and gaseous fuelswithin the ISI by LBG, a CO2-charge exceeding 200 EUR/tonCO2would be required.
High demand for biomass is expected to lead to increased biomassprices, counteracting the intended effect of high CO2-charges.Therefore, the effect in specific industries is absent. Biomass is a limitedresource and these results indicate that there might be a need for tar-geted policy instruments and a CO2-charge that only applies to specificparts of the market where it is considered harder or impossible to applyother technological options.It is concluded that with the current policy situation, it will not beeconomically feasible for the Swedish ISI to eliminate net GHG emissionby utilizing LBG produced from biomass as fuel for heating purposes.
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Fig. 9 shows the location of Swedish ISIs considered in this study, the biomass distribution in Sweden, all sawmills considered for processintegration with a gasification plant and Swedish LNG terminals.
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Abstract: Biofuels and biochemicals play significant roles in the transition towards a fossil-free society.
However, large-scale biorefineries are not yet cost-competitive with their fossil-fuel counterparts,
and it is important to identify biorefinery concepts with high economic performance. For evaluating
early-stage biorefinery concepts, one needs to consider not only the technical performance and
process costs but also the economic performance of the full supply chain and the impacts on
feedstock and product markets. This article presents and demonstrates a conceptual interdisciplinary
framework that can constitute the basis for evaluations of the full supply-chain performance
of biorefinery concepts. This framework considers the competition for biomass across sectors,
assumes exogenous end-use product demand, and incorporates various geographical and technical
constraints. The framework is demonstrated empirically through a case study of a sawmill-integrated
biorefinery producing liquefied biomethane from forestry and forest industry residues. The case study
results illustrate that acknowledging biomass market effects in the supply chain evaluation implies
changes in both biomass prices and the allocation of biomass across sectors. The proposed framework
should facilitate the identification of biorefinery concepts with a high economic performance which
are robust to feedstock price changes caused by the increase in biomass demand.

Keywords: supply chain; partial equilibrium; biofuel; soft-linking; price formation

1. Introduction

Lignocellulosic biorefineries producing biofuels and biochemicals are likely to play a significant
role in the transition towards a fossil-free society [1,2]. This is especially true for forest-rich countries
such as Sweden, Finland, and Canada, where the prevalence of forestry and forest industries provides
by-products (such as sawdust, bark, and harvesting residues), which could be a potential future
feedstock for large-scale biorefinery deployment. Sweden has, for example, projections of biofuels
accounting for 57% by 2030, and 91% by 2045 of the energy use in the road transport sector to reach
targets for greenhouse gas emission reductions [3]. The use of forest and forestry by-products makes
eventual biofuel products compliant with the EU renewable energy directive (RED II), which restricts
the use of primary biomass for biofuel production [4], and also makes it possible to integrate the
biorefinery supply chain with the traditional forest industries. Since biomass that can be considered to

Sustainability 2020, 12, 7126; doi:10.3390/su12177126 www.mdpi.com/journal/sustainability



Sustainability 2020, 12, 7126 2 of 27

be sustainable is a limited resource [5,6], it is important to optimize the environmental and economic
performance of biorefineries [7]. Many technologies with a potential to contribute a significant share
to greenhouse gas emission reductions are currently not available in commercial scale and are not
yet cost-competitive with their fossil-fuel counterparts. Early-stage evaluations are therefore needed
to identify promising low-cost biorefinery concepts. This article proposes—and demonstrates—an
interdisciplinary framework for conducting such evaluations.

A variety of design variables affect the economic performance of a biorefinery, such as choice of
location, feedstock, conversion technology, and final product(s). These aspects are commonly included
in assessments conducted using supply chain optimization models [8,9], which minimize the system
costs for a given set of constraints. Typically, feedstock and product transport costs are determined
endogenously, whereas biomass-to-product yields and feedstock prices are included exogenously.
However, some supply chain modeling frameworks have also included selection of key process design
variables [10,11]. While all main design decision variables are considered in these cases, the output
may nevertheless be misleading since market price interactions are typically not acknowledged.

Firstly, the implementation of large-capacity biorefineries will affect a variety of feedstock prices
due to the increased demand for the specific feedstocks used in the process. Secondly, the price signal
from increased competition for a given feedstock will lead to a re-allocation of other feedstocks in the
biomass market. This will result in complex price formation mechanisms for the feedstocks included
in the model, which in turn means that the feedstock prices assumed in the supply chain evaluation
model may no longer be valid when the concept is assumed to be deployed in large scale. Since biomass
feedstock costs generally constitute a large fraction of a biorefinery’s total production costs [12,13],
unrealistic assumptions regarding cheap and abundant feedstocks risk giving rise to misleading
results [14]. Previous research has also highlighted that, to fully assess the future environmental
performance of emerging technologies, the system in which these will be implemented needs to be
considered in full [15], this reasoning is extended to the economic performance in this work.

Uncertain price developments, if accounted for, are usually managed in supply chain modeling
approaches of biorefineries or bioenergy projects through the use of various price and demand
scenarios [10,16,17], or stochastic price processes to simulate future prices [18]. Both historic price data [19]
and future price predictions from established analytics centers [20] have been suggested as commodity
price data to be used in techno economic assessments. Relatedly, previous research has combined market
analysis with techno-economic analysis [21], and vice versa [22]. However, these approaches do not
consider the price dynamics caused by the change under evaluation, e.g., impacts on biomass feedstock
prices resulting from the introduction of large-scale forest-based biofuel production, and/or the effects on
other users. This has been acknowledged by Mustapha et al. [23], who combined economic modeling
with energy system modeling to analyze the effects on the Nordic heat and power sector of large-scale
forest-based biofuel production. The results showed significant impacts on the use of biomass for heat
and power production, and the authors stressed the importance of accounting for the competition for
biomass when evaluating large-scale introduction of bioenergy conversion technologies.

There is a current need for increased interdisciplinary efforts when assessing the performance
of emerging biorefinery concepts [24], and disciplinary boundaries that limit the scope of analysis
have been identified as a key challenge for sustainability assessments of biorefineries [25]. While there
is a significant body of knowledge related to biomass-to-product yield estimations, supply chain
evaluations, and biomass feedstock markets, there is, to the best of the authors’ knowledge, a lack of
studies that combine knowledge from all three domains into a coherent analytical framework that can
be used to evaluate the performance of biorefinery concepts.

In this article, we propose an interdisciplinary modeling framework for evaluating the full
supply-chain performance of biorefinery concepts. It addresses techno-economic aspects as well as
endogenously determined feedstock prices, and thus the competition for feedstock. The proposed
framework is illustrated empirically through a case study which builds on the observation that
integration of biorefinery concepts with different host industries can offer benefits regarding overall
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efficiency and economic performance [7,26–28]. In this context, existing forest industries are of
particular interest due to the potential availability of biomass-derived by-products that can be
used as feedstock, as well as significant experience in operating large-scale biomass supply chains.
Therefore, we consider the possibility for the biorefinery to be co-located at existing industrial sites,
including the need for appropriate descriptions of the integration synergy gains. The case study
aims to explicate the differences in the economic performance of the biorefinery supply chain when
considering endogenous instead of exogenous biomass prices.

Figure 1 provides a general overview of the proposed modeling framework including the data
flows between three generic models; a plant-level model for process evaluation (left), a supply chain
model (in the middle), and a market model (right). The supply chain model feeds techno-economic
data to the market model, which in turn provides market-based feedstock price data back to the supply
chain model and to the plant-level model, for which new data are generated to the market model.
After a sufficient number of iterations, the market model will generate new biomass equilibrium price.
The economic performance can be assessed by testing different combinations of technologies and
biomass feedstocks in an iterative process, as well as price changes in the forest and bioenergy sectors.

Figure 1. Overview of the proposed modeling framework.

The remainder of this paper is organized as follows: Section 2 identifies and summarizes key
aspects from the literature regarding the evaluation of biorefinery concepts. Section 3 presents the
proposed framework for combining these aspects for modeling purposes, followed by the case study
that demonstrates the framework (Section 4), and a concluding discussion (Section 5).

2. Evaluating Biorefinery Concepts: Lessons from the Literature

This section introduces the main perspectives used for evaluating the economic performance
of integrated biorefineries. These perspectives include: (1) detailed plant-level process evaluation
for identifying integration benefits, biomass-to-product yields and process costs, (2) supply chain
considerations for identifying economically beneficial localizations and supply chain configurations,
and (3) economic market modeling for identifying the biomass market impacts in terms of biomass
prices. We also give a brief overview of examples of combined or integrated assessment approaches
from the literature.

2.1. Techno-Economic Aspects

The full techno-economic system performance of a biorefinery concept depends on several
decisions related to the supply chain configuration—from the supply side concerning the biomass
feedstock to the final product. We differentiate between the methods needed to determine the
plant-level performance, which relates to the choices of equipment and process parameters at
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each site, and the methods needed to quantify the supply chain performance. The latter includes
plant-level performance but also decisions concerning, for instance, harvesting site, modes of transport,
and localization of the facilities.

2.1.1. Plant-Level Aspects

A biorefinery generally includes biomass handling and pre-treatment units, followed by the
main processing unit or units, which can be based on thermochemical or biochemical conversion.
Thereafter, unwanted by-products are removed and the remaining components are converted to the
desired end-product(s). The performance of the biorefinery will depend on the equipment and the
chosen operating parameters, which determine the biomass-to-product yield and the plant’s energy
and mass balances. It is also important to apprehend the plant’s investment cost as well as costs for
integrating the plant at the host site.

Techno-economic evaluations are needed to assess the biomass-to-product yield, energy efficiency,
and production cost [29–31]. Such studies typically investigate and/or optimize the production costs
of a biorefinery process in a bottom-up model that includes detailed descriptions of process equipment
and material and energy flows. The system boundaries are often limited to the process, thus ignoring
both the supply-chain perspective and the biomass feedstock market impacts. This implies that,
e.g., emissions and their related costs, and feedstock re-allocation and relative price changes that can
be derived from an altered feedstock demand, are effectively excluded.

The methods used for modeling the plant-level performance of a biorefinery concept are
dependent on the specific technology and technical maturity. Models of commercially available
processes, or processes that have been thoroughly researched, can be validated against existing
operating data. For ex-ante assessments of new biorefinery concepts, modeling is a more complex
issue. Several methods aimed at modeling thermochemical biorefinery processes at the conceptual
design stage have been suggested [32–34]. For processes with robust experimental data, a bottom-up,
statistical approach can be used to validate a process model to establish the mass and energy balances
of the process [35,36]. However, for processes where available experimental data are not sufficient
for statistical evaluations, simulation models accounting for reaction kinetics or thermodynamic
restrictions can be used to simulate the processing unit [30,33]. Using kinetic data can give satisfactory
results for limited reactions, but the modeling of all physical and chemical interactions often becomes
too complex. Additionally, thermodynamic or restricted thermodynamic models can be introduced
in flowsheet simulation software, but this approach often deviates substantially from experimental
data. Such approaches are, however, common in, e.g., gasification modeling, mainly due to a lack of
better alternatives.

Plant-level models can be used for estimating the process capital costs (CAPEX) and operating
costs (OPEX) including feedstock, utilities, operation and maintenance, and revenues from process
by-products. The capital costs include the direct equipment purchase cost of each process unit as well
as indirect costs such as costs for start-up, contingency, and installation. Biorefineries typically benefit
from economies of scale, i.e., specific CAPEX costs decrease with plant size [37,38].

2.1.2. Supply Chain Aspects

The techno-economic performance of a biorefinery concept can be significantly affected by plant
location. Plant-level evaluations commonly take into consideration detailed site-specific characteristics.
However, these characteristics can vary significantly between different sites, e.g., in terms of feedstock
availability, regional characteristics, modes of transport, localization of potential host industries for
integration (and their characteristics), and the prevalence of competing biomass users, which can
impact the total supply chain costs [39–41]. These variables affect transport costs which can constitute
a significant part of the total cost of the supply chain configuration [42,43]. It is therefore important to
include the decision variables affecting the biomass transport cost when evaluating the total biorefinery
supply chain cost.
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The configuration of the supply chain considering these decision variables can be analyzed using
supply chain optimization models. These models can include a variety of components, e.g., supply
chain design, planning and operation, technology selection, and different environmental sustainability
metrics [41]. The aim is to capture larger fractions of the costs and emissions that occur for a biorefinery
concept, and that is typically not addressed in plant-level evaluations.

The supply chain optimization models that investigate facility localization problem have mostly
been implemented as mixed integer linear problems (MILP), where binary variables are used to
represent the establishment of a facility at a given site, and the continuous variables represent the
material flows in the studied system [44]. The MILP implementation is suitable both because it
facilitates the representation of large-scale problems, and since it can be used to describe a large
number of variations of the supply chain problem, including social and ecological objectives [45],
as well as strategic, tactical, and operational perspectives [46,47]. However, this approach requires
a large number of decision variables to describe complex problems, and can, therefore, lead to long
computational times [46,48]. MILP problems also have difficulties in incorporating supply chain
uncertainties, such as demand fluctuations, biomass supply variations, and biomass price changes [47].
Moreover, due to the linear nature of the modeling approach, it is difficult to account for nonlinear
behavior, such as fully capturing the costs for increases in production capacity (economies-of-scale).
This can be mitigated by using discrete capacity steps as inputs to the model; alternatively, the facility
capacities can be determined outside the optimization procedure.

When using a supply chain model that includes not only the characteristics of potential
localizations but also other industrial sites that compete for the same feedstock, it is possible to capture
the changes in costs for transportation in the entire studied system [28,49,50]. Generally, such models
rely on plant-level evaluations to determine the biomass-to-product yield and the investment costs
(or investment cost function), which are used as exogenous input data. These types of studies typically
minimize total system cost to identify economically viable biorefinery concepts.

2.2. Market Aspects

The economic performance of a biorefinery concept will depend on the prices of the biomass
feedstock used. However, the introduction of a large-scale biorefinery will in turn affect these
feedstock prices. For this reason, it is essential to consider the price formation in the biomass market.
Biomass markets involve different types of feedstocks and products, which often serve a diverse set of
industries. This leads to a competition for the feedstock, and the allocation of feedstocks and products
between competing industries will be influenced by changes in relative prices.

Furthermore, the nature of the products sold in the biomass market differs. For our purposes,
it is useful to distinguish between two main categories: main products and by-products. The main
product alone determines the economic viability of a given plant; the by-product is instead produced in
association with the main product (e.g., sawdust generated at a sawmill), and its price will not influence
output decisions at the plant. This distinction is important for understanding supply behavior in the
market. In particular, production of by-products is often comparatively inexpensive (since no joint costs
are incurred), but since the supply is constrained by the output of the main product, the own-price
elasticity of supply could be very low. For this reason, the by-product market price will increase
significantly if the demand for the goods which use the by-products as inputs increases [51].

Two key points can be made concerning the competition for feedstock in the context of novel
biorefinery concepts [52]. Firstly, to be economically attractive for the production of new end products,
the biomass feedstock must be priced low enough so that it can compete financially with, most notably,
fossil fuels as feedstock (e.g., in the transport sector). Secondly, the financial returns on biomass
feedstock production must be high enough to allow the suppliers of the processed biomass-based
products to compete with alternative users for the required biomass resources. In other words,
if a by-product is to be allocated to the production of, e.g., liquefied biomethane (see Section 4),
this sector’s willingness to pay for the by-product must be higher than the corresponding willingness
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to pay by actors that manufacture other products (e.g., particleboard) using the same feedstock. A high
willingness to pay in one sector thus implies higher costs for these other producers, and, in the case of
by-products, this price increase can be significant, as discussed above.

To analyze how the introduction of new biorefinery concepts will affect prices and resource
allocation patterns in biomass markets, it is necessary to adopt an economic model that addresses the
demand and supply conditions for all feedstocks and products in these markets. For this purpose,
the partial equilibrium (PE) modeling approach can be adopted, which has been used extensively for
the analysis of forest product markets [53–59]. In PE modeling, market behavior is often described using
supply and demand functions with some pre-defined behavioral parameters, e.g., price elasticities.
By maximizing the sum of producer and consumer surplus under certain restrictions (e.g., biomass
feedstock constraints), the model is solved and endogenous feedstock prices and resource allocation
patterns are generated. A common approach is the so-called activity analysis in which input–output
(IO) coefficients define the inputs used to produce one unit of output [60]. A PE model can contain
many IO coefficients for many combinations of feedstocks and end-use products, including also
various locations.

While PE models typically address the interactions between a selection of economic sectors,
so-called Computable General Equilibrium (CGE) models provide a consistent description of how all
sectors of the economy interact following changes in relative prices. Such models also include the public
sector and address the impacts on the national budget. CGE models can, therefore, be particularly
useful when analyzing the effects of changes in economy-wide policy instruments, such as carbon and
energy taxes. Thus, in studies focusing less on the specific behavior of the biomass market and more
on the domestic effects of biofuel policies, CGE models are often used [61–63]. However, the ability
to describe all feedback mechanisms in the overall economy is often associated with less-detailed
representations of the key sectors of interest. For our purposes, it is important to as far as possible
avoid the latter, and, for this reason, the PE modeling approach will constitute one component of the
proposed framework.

2.3. Integrated Assessments

Most studies evaluating various biorefinery concepts focus on either techno-economic or
environmental aspects of bioenergy projects (or a combination of the two), as concluded in a
comprehensive review of forest biomass supply chains [64]. There is, nevertheless, a recent trend to also
integrate social aspects to analyze trade-offs between economic, environmental, and social dimensions
of sustainable forest biomass supply chains [65,66]. Multi-criteria assessment has been proposed
as a suitable approach to assess the overall sustainability of biorefinery and bioenergy processes
and systems; it enables the simultaneous inclusion of biophysical, economic, and social factors [67].
Multi-objective optimization approaches can be used to analyze trade-offs between different objectives
in biorefinery supply chains [68,69].

However, the price dynamics of the biomass feedstock and the associated by-products, as triggered
by the introduction of large-scale biorefinery production have largely been excluded in previous
research. The importance of accounting for such price dynamics when evaluating forest biomass
systems was demonstrated by Mustapha et al. [23], who hard-linked a PE forest sector model with a PE
energy model to analyze the effects on the heat and power sector following large-scale forest-based
biofuel production. The results indicated that disregarding the competition for the biomass feedstock
might lead to an over-estimation of future bioenergy production levels.

When hard-linking models (“formal linking”), the models are fully integrated and used to solve
a simultaneous optimization problem, i.e., the constituent models are merged into a single model with
a single objective function (compare multi-objective optimization). An alternative to this approach
is so-called soft-linking (“informal linking”), which is characterized by an iterative process where
the models are optimized or solved separately and data are then exchanged between the models.
According to [70], the main advantages of soft-linking are practicality, transparency, and learning,
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and those of hard-linking are productivity, uniqueness, and control. Hard-linking often implies a
simplified description of one or both of the sub-models, whereas soft-linking enables the complexities of
even relatively large sub-models to be kept more or less intact [71,72]. Furthermore, soft-linking provides
flexibility regarding the choice of interacting models and has been shown to work successfully for the
linking of marked-based (PE or CGE) models with techno-economic energy system models [73–75].
Soft-linking thus offers the potential to combine the respective strengths of a detailed technology
representation in energy system models, with the market price formation in PE models.

As mentioned above, a biorefinery model includes many decision variables and several of these can
be broken down into disaggregated models to increase the accuracy of the final results. Compared to
hard-linking where the models share a common objective function, which adds much more requirements
on data similarities and similar modeling structures, soft-linking has many benefits for a flexible
interdisciplinary framework evaluating various biorefinery concepts. Furthermore, models can be
removed in favor of another model, all depending on the research question of interest.

3. An Inter-Disciplinary Modeling Framework: A Proposal

Our proposed interdisciplinary modeling framework combines techno-economic approaches
and a market approach to evaluate biorefinery concepts accounting for endogenous feedstock price
formation. To illustrate key theoretical aspects in techno-economic and market evaluations, respectively,
we first present three schematic modeling approaches and describe the iteration of models with
different modeling structures and objective functions. While our framework and the case study
focus on the evaluation of forest-based biorefineries based on thermochemical conversion pathways,
other biorefinery routes could also be evaluated by adapting the included models and input data.

The framework is constructed with three central key performance indicator (KPI) categories in
mind: (i) biomass feedstock prices, (ii) biomass feedstock allocation and production levels among
sectors and industries, (iii) and production costs for the biorefinery products. These are chosen to
provide insight into the market effects related to implementing biorefinery concepts, as well as to gain
information regarding the production cost of the end-use products of interest. However, the KPIs may
be exchanged depending on the purpose of the application of the framework.

3.1. Plant-Level and Supply Chain Modeling: Techno-Economic Performance

The first step to identify the full techno-economic performance is the evaluation of the plant-level
process configuration, which is needed to determine both the mass and energy balances and
the required capital investment. This can be challenging when evaluating emerging biorefinery
technologies and concepts, where reliable data can be difficult or impossible to obtain [76]. If sufficient
information about the process is available, we advocate the application of process heat integration
methods (e.g., pinch analysis) to estimate the minimum net energy that needs to be added to the
process [77]. This is recommended when designing integrated production systems, where special
emphasis shall be put on the efficient use of energy and minimization of environmental impacts [78].
The proposed modeling framework includes the capability to account for the exchange of heat between
the biorefinery process and the host industrial site. Process integration methods and tools can also be
used to guide modifications to the energy system of the host process. Heat integration of a biorefinery
plant at the host site can often result in a combined primary energy usage that is lower compared to
stand-alone operations of the two process plants. Furthermore, some types of biorefinery may have
a total heat surplus that is large enough and at a sufficiently high temperature to enable electricity
generation in a high-efficiency steam turbine cycle.

Figure 2 shows the proposed generic process model for evaluating biomass-to-product yields
for a biorefinery plant integrated with a given host industry (e.g., a sawmill, refinery, or chemical
cluster). The model input includes biomass feedstock composition and moisture content, as well as
process unit operating parameters (e.g., reactor temperatures and pressures). The model quantifies the
energy and mass balances of the plant; this is in turn required to calculate the net heat and electricity
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generated or required by the process, and the overall efficiencies. Generally, we suggest to not model
host industries individually, since these industries already exist and are therefore not subject to design.
Instead, process stream data or generalized models of different process types can be applied to capture
potential process integration opportunities. Typical industries suitable for energy integration include
pulp and paper mills, sawmills, petrochemical plants, and oil refineries. District heating networks
could also be suitable as hosts for new biorefineries.

Figure 2. Overview of the plant-level process model of a generic forest biomass-based biorefinery
integrated with a host industrial process plant. For a stand-alone application of the plant-level model,
see [26].

The output data from the plant-level process model includes biomass conversion yield,
i.e., the quantity of biorefinery product(s) produced per quantity of biomass input, together with the net
energy balances. Together with capital cost data and the running costs of the process, this constitutes
the input data to the market and supply chain models, respectively.

The next step is to apply a supply chain optimization model, which also considers procurement
of the biomass feedstock, including transport, as well as changes in supply for other industries due to
the new biomass demand of the biorefinery. We propose the use of a geographically explicit MILP
model for the analysis of the localization of biorefineries, given that the model must be able to handle
both geographical aspects, such as the spatial distribution of biomass supply and demand and the
potential locations and plant configurations that were determined in the plant-level model. The system
performance can thus be determined considering various geographical restrictions, not only due to net
feedstock availability but also due to restrictions related to integration opportunities. Figure 3 presents
a schematic overview of the inputs and outputs of the supply chain model.

The model is driven by the exogenously specified end-use product demand for one or more
biorefinery products. This demand may be determined based on, for instance, policy objectives or
forecasted market demand. Based on this demand, the supply chain optimization model can identify
the biorefinery supply chain configuration with the lowest total system cost, and in this way, the system
performance cost of various biorefinery concepts can be determined. Depending on the design of the
study, a multi- or single-technology problem can be investigated; the lowest cost solution could result
in one or more biorefineries needed to satisfy the product demand.

In the proposed modeling approach, the total system cost includes all supply chain costs addressed
in the model, e.g., transport costs, feedstock costs, technology costs, etc. The total transport cost is
endogenously determined in the supply chain model depending on modes of transportation and
transport distances. To limit the size of the total problem to be solved, we propose that the electricity
market is handled exogenously and viewed as a fixed demand market. This entails that surpluses or
deficits of electricity at biorefineries are assumed to be resolved by selling or purchasing electricity.
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The output from the supply chain model is a set of biorefinery localizations and concepts that
achieve the lowest total system cost. From this output, the system performance for each biorefinery
site can be determined. The biorefinery performance costs are then used as inputs to the market model.

Figure 3. Overview of the suggested supply chain optimization model. Data in the left-hand boxes
are exogenous parameters to the model. For stand-alone applications of the supply chain model, see,
e.g., [28,50].

3.2. Market Modeling: Feedstock Allocation and Prices

The contribution of the market model in this framework is to allow for endogenous price formation
of biomass feedstock considering the competition for the biomass. Key output variables from the
market model are biomass feedstock allocation and prices, and biorefinery production costs and
production levels. We propose to use a single-country generic PE model describing, for instance,
the forestry and bioenergy sectors covering the same geographical scope as the supply chain model,
to investigate price formation in the forest biomass market. The reason for choosing a PE model is that
it allows for disaggregated data, which is desirable in the context of the forest biomass markets with
many products and actors. The proposed modeling structure is similar to several previous PE forest
sector models [23,60,79]. It is a microeconomic model focusing on a single country’s forest biomass
market. The demand for end-use products and energy is exogenous, whereas production, conversion,
and demand and supply of intermediate products are endogenously determined. International trade
is represented through trade with one aggregate region (‘rest of the world’), which is a competitor to
the domestic regions.

Figure 4 illustrates the main actors and biomass flows in the proposed model. In this setting,
the forest industries, and the bioenergy sector both demand biomass, either as a feedstock or as fuel.
The forest industries also act as suppliers of by-products both within the sector, and to the bioenergy
sector. The dashed box in Figure 4 represents the interconnection between the forestry industry and the
bioenergy conversion sector. The smaller boxes inside this box represent the industries and bioenergy
conversion activities (representing different technology conversion options e.g., combined heat and
power, heat-only production, or gasification for production of biofuels) which are represented by
input–output coefficients.

The objective of the market model is to maximize social welfare, i.e., the producer and consumer
surplus, and to identify the corresponding optimal allocation of biomass given the exogenously given
demand and supply constraints. This in turn generates endogenous feedstock prices, which can be
fed back to the supply chain model and the plant-level model. For a policy scenario in which a given
quota of, e.g., all transportation fuel must come from forest biofuels, the market model will choose the
least-cost option to produce both forest industry and energy products given this constraint. This will
lead to a reallocation of feedstocks and will therefore also affect the biomass market prices.
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Figure 4. Overview of the suggested forest biomass market model. Supply of raw forest biomass and
demand for energy and forestry end-use products are expressed exogenously to the model, shown as
the upper and lower box, respectively. PPI = Pulp and paper industry. For a stand-alone application of
the market model, see [53].

3.3. Integrated Assessment: Overall Economic Performance

Figure 5 provides an overview of our suggested iterative model-linking process between the
three different models. This enables the evaluation of the performance of various biorefinery concepts
using techno-economic evaluations while at the same time considering changes in feedstock prices
associated with the introduction of the biorefinery concept(s).

Figure 5. Iteration procedure of the modeling framework.

As noted above, the respective individual models have different modeling structures, including
different data aggregation levels of the data. Therefore, some data must be modified before the model
integration. It is particularly important to make sure that biomass assortments are classified into the
same categories in the supply chain model as in the market model. In addition, differences related
to spatial resolution must be managed. In our case, the supply chain model includes exogenously
determined plant-specific data and also generates plant-specific output data, whereas the market
model is aggregated on sectors and large geographical regions. Our proposed solution is to adjust
the output data from the supply chain model before entering the market model, by aggregating the
supply chain model results per biorefinery technology and type of host. By creating a single cost for
conversion for each process technology and industry type, rather than for each process technology and
specific industry localization, some discrepancy between the technology representations in the supply
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chain and market model will occur. However, by using this approach, the specific site characteristics
are implicitly included also in the market model.

The iteration procedure, as shown graphically in Figure 5, can then be summarized as follows:

1. Biorefinery product yield and derived overall plant mass and energy balances are the main output
data from the plant-level model. Together with the inventory of heat integration opportunities
and process plant costs (CAPEX and OPEX), they constitute the input variables to the supply
chain model.

2. Together with biomass prices from the market model, the supply chain model will identify the
technology mix that satisfies the demand for the specified biorefinery product at the lowest cost.

3. The biomass prices and industrial production levels determined through the market model
constitute new input data to the supply chain model through an iterative feedback loop

4. The new biomass prices influence the performance cost for the different technology options in the
supply chain model, which may in turn influence the lowest-cost supply chain configuration. If the
new cost-minimizing supply chain differs from the previous solution, the resulting biorefinery
technology choices and localizations constitute an input to the plant-level model through a second
feedback loop.

5. The new results from the plant-level modeling again constitute inputs to the supply chain model,
and the latter will generate an updated performance cost. These new results provide updated
biomass requirements and cost data to the market model that generate new biomass prices and
allocation to competing sectors.

6. For each iteration N, the new biomass prices and forest industry production levels determined
by the market model are compared to the results generated in iteration N − 1 When the results
from at iteration N differs from the results from iteration N − 1 by less than the specified
convergence criterion, the solution is assumed to have converged. The biomass price, forest
industry production levels, and biorefinery product costs of the last iteration are retained as the
final resulting output data.

Theoretically, the data iterated between the models will eventually converge (defined as the
difference between output data from iteration N and N − 1). However, given the structure of the
framework, with separate models interconnected through soft-linking, convergence issues may arise.
If the supply chain model responds to the changes in prices and production levels with substantial
changes to supply chain configurations, the model solutions may diverge. This can be handled by
applying an under-relaxation factor, by which the changes in output prices and production levels
from the market model between the iterations are decreased by a specified factor. This means that if,
e.g., the feedstock prices and production levels increase a lot between two iterations, the feedback to
the supply chain model is lowered by a certain factor, compared to the actual output data from the
market model.

4. Case Study: Demonstrating the Framework

The proposed integrated framework is demonstrated for a case study of a biorefinery concept
integrated with a sawmill. The biorefinery produces liquefied biomethane (LBG) through gasification
of forest biomass is followed by downstream conditioning and synthesis of the product gas. The case
study aims to highlight the differences in the economic performance of the biorefinery supply chain
when using exogenous biomass prices and forest industry production levels (current-exogenous
biomass market scenario), and when the changes in biomass prices and forest industry production
levels are endogenized (iterative-endogenous biomass market scenario)by applying the iterative
soft-linking framework. The geographical scope is the national borders of Sweden, and the analysis is
static over one year.

As described above, both the supply chain model and the market model are driven by an
exogenously determined biorefinery product demand. We set the demand for LBG to be 4 TWh/a,
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assuming it to be used in the transport sector. This can be compared to future fuel usage scenarios
for the Swedish transport sector, which include up to 4.2 TWh/a of gaseous biofuels by 2040 [80],
and to the recent Swedish biomass market state public inquiry, which proposes a production target for
non-aerobic digestion-derived biogas of 3 TWh/a by 2030 [81].

The biomass assortments allowed for the production of LBG are limited to forest and forestry
industry by-products, tops and branches, industrial by-products, and wood chips. This complies with
the EU renewable energy directive (RED II), which restricts the use of primary biomass for biofuel
production [4].

As the focus of the case study is to demonstrate the soft-linking between the supply chain and
market model, the option to modify the site-specific configuration—i.e., the “process reconfiguration”
feedback loop in Figure 5—is excluded from the analysis.

4.1. Applying the Modeling Framework

4.1.1. Plant-Level Model

Two different site-specific configurations for sawmill integrated LBG production are considered.
Both were pre-optimized using different heat-integration targets, as described in a previous publication
by several of the authors [26]. The configurations are:

Configuration A: All sawmill residues. The LBG plant is sized to be able to process all
by-products from the hosting sawmill. This allows the biorefinery to be self-sufficient regarding
feedstock for LBG production and enables minimized transport costs for the LBG supply chain.

Configuration B: All sawmill residues excluding wood chips. The biorefinery is sized to be able
to process all by-products from the hosting sawmill except the wood chips. This restriction recognizes
that this assortment constitutes an important feedstock for the domestic pulp and paper industry.

Both biorefinery configurations are allowed to use harvesting residues (tops and branches) as
feedstock. In both cases, the excess heat from the biorefinery is used to cover a portion of the hosting
sawmill’s heat demand for product drying.

4.1.2. Supply Chain Model

The techno-economic supply chain performance is analyzed using the geographically explicit
biorefinery localization model BeWhere Sweden. This model includes spatial data for, e.g., feedstock
supply and demand, with a detailed site-specific representation of both potential host sites and
competing industries, including also a description of the internal energy flows and demands of host
sites for biorefinery integration. The model encompasses the national boundaries of Sweden and is
divided into grid cells with a half-degree spatial resolution, resulting in 334 grid cells. It is a mixed
integer linear programming (MILP) model written in GAMS using CPLEX as a solver. For a more
detailed description, see [50,82,83]. The objective of the model is to minimize the total system cost to
satisfy the demand for domestically produced LBG, while simultaneously satisfying the exogenously
defined biomass feedstock demand in the other industries (forest industry, stationary energy sector).
The total system cost includes costs for biomass, transport and distribution, electricity, as well as
CAPEX and OPEX for new plants.

The objective of the model is to minimize the total system cost to satisfy the demand for
domestically produced LBG, while simultaneously satisfying the exogenously defined biomass
feedstock demand in the other industries (forest industry, stationary energy sector). The total system
cost is dependent on the decision variables (continuous as well as binary). The decision variables
included in the supply chain model were: choice of localization of facilities (binary), the flow of LBG
from production sites to demand site (continuous), and the flow of biomass from harvesting sites
to biomass demand sites (continuous). The LBG production capacity is dependent on the size of
the hosting sawmill; therefore, the nonlinearity of the capital investment was addressed outside of
the optimization.



Sustainability 2020, 12, 7126 13 of 27

4.1.3. Market Model

The market model used is the Swedish forest sector trade model (SFSTM II), which is a PE model
that simulates the Swedish forest biomass market (based on [84–86], including the Swedish forest sector,
and the bioenergy-using heat and power sector and transport (biofuel) sectors. The model encompasses
the national borders of Sweden divided into four regions, and an additional region covering trade
with the rest of the world. The model is a nonlinear programming model written in GAMS using
CONOPT as the solver, and the model objective is to maximize total consumer and producer surplus
to obtain equilibrium prices, industry production levels, and resource allocation; see [53,86] for a
more detailed overview of the model as applied in the chosen context. The maximization of the
producer and consumer surplus is dependent on the following decision variables, which are all
continuous: demand of consumer goods (e.g., sawn wood, heat, and power), harvest of roundwood
and harvesting residues, new industrial production, output of main products (e.g., production from
forest industries), roundwood delivered, new industrial production capacity, quantity traded between
regions, and quantity of energy demand. The reference year for industrial production levels and
biomass prices is described in Section 4.2.2.

4.1.4. Model Linking

For the implementation of the soft-linking procedure involving BeWhere Sweden and SFSTM II,
the following data are passed between the models:

• From BeWhere Sweden: biomass assortments and quantities used in the LBG production.
• From SFSTM II: forest industry production levels and new equilibrium biomass prices.

The different output parameters from the different sub-models together with the data treated as
exogenous to this study are shown in Figure 6.

Figure 6. Schematic description of the iterative framework and the system studied in this case study.

Thus, in our case study demonstration, the iterative procedure proceeds according to the following:

1. Initialization of the process. Using the market model SFSTM II to generate the current industrial
production and biomass prices without the introduction of the biorefinery; these data are used as
inputs to the supply chain model BeWhere Sweden.

2. BeWhere Sweden minimizes the total system cost while simultaneously satisfying a specified
biofuel demand and the biomass demand from industries (which are dependent on their
production levels). The specific biomass assortments used for producing the biofuel are used as
inputs to SFSTM II to represent the biorefinery production technologies.
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3. SFSTM II is used to simulate new biomass prices and forest industry production levels given the
new biofuel production levels.

4. The iterative process (steps 2–3) continues until the convergence criteria are fulfilled.

In this case study, convergence is assumed to have been reached when the normalized outputs
from SFSTM II between two iterations differed by less than 10−5.

There are differences in how biomass assortments are represented in the different models.
For instance, BeWhere Sweden distinguishes between biomass assortments from final felling and
thinning, but not between different species, while SFSTM II has the opposite representation. To resolve
this, price differences between biomass from final felling and thinning are removed in BeWhere
Sweden, and the differences in prices between biomass species in SFSTM II are averaged against
harvested volumes to be used as inputs in BeWhere Sweden. Likewise, the conversion of the biomass
assortments used in LBG production from BeWhere Sweden is weight-adjusted for the representation
in SFSTM II.

Differences occur also in the geographical representation of the models, and therefore all biomass
grid cells in BeWhere Sweden assume the same biomass prices as the corresponding region in SFSTM
II to which they belong. The industrial production is aggregated to a national level rather than keeping
changes in industrial production region-specific.

4.1.5. Case Study Evaluation

After the iterative procedure, the total system cost from BeWhere Sweden is used to calculate the
biofuel supply cost from the total system cost. The output from SFSTM II is used to identify the impacts
on the forest industry production levels and the new biomass market equilibrium prices. We then
evaluate the effects of applying the framework by comparing the model outputs when using BeWhere
Sweden only (current-exogenous biomass prices and production levels), versus when applying the
proposed framework (iterative-endogenous prices and production levels). For this, we consider the
converged industrial production levels and biomass prices from SFSTM II, as well as the total system
cost and LBG cost of supply from BeWhere Sweden.

We also evaluate the effect of applying relaxation factors on the convergence of the framework by
running the framework both with and without applying relaxation factors. The relaxation factors are
applied on data passed in both directions. In this case, a maximum of 30 iterations is used as stopping
criteria, applying relaxation factors of 1, 0.5, 0.1, and 0.05, respectively, where a relaxation factor of
1 means that no relaxation is applied. The convergence is then assessed by calculating the sum of
the normalized differences in the output from SFSTM II based on the regional biomass prices and
industrial production levels, with convergence defined as a change of less than 10−5.

4.2. Model Input Data

4.2.1. Biomass Availability

The “Today’s forestry” scenario from the Swedish Forest Agency’s impact assessment (SKA 15) [87]
forms the basis for the theoretical potentials for future harvest (final felling and thinning) assuming current
practices. The annual supply potential of sawlogs, as modeled in both BeWhere Sweden and SFSTM
II, amounts to the equivalent of 89 TWh, of pulpwood to 66 TWh, and tops and branches to 37 TWh.
A bottom-up approach described in detail in [40,50,82] was applied to model the spatial distribution of
forest biomass. Both BeWhere Sweden and SFSTM II describe the availability of industrial by-products as
functions of the production levels of the forestry industries.

4.2.2. Biomass Prices and Industrial Production

SFSTM II consists of two sub-models: one trade-cost model that calibrates prices and feedstock
allocation to a reference year, and one that simulates the prices and feedstock allocation is given
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the introduction of new biorefinery production. The trade-cost model maximizes the sum of
producer and consumer surplus and yields the market equilibrium prices, production, and biomass
allocation patterns assuming competitive markets. For the calibration procedure, all production
and consumption levels are fixed at the reference year values, and the other values are calculated
in the model. As data reliability regarding production and consumption levels can sometimes be
unreliable, manual adjustments to production levels can be necessary when observed biomass prices
(in the reference year) are significantly different compared to the calibrated biomass prices, as large
differences are likely to be caused by errors in underlying data. The reference year prices and industrial
production levels are presented in Tables 1 and 2, respectively.

Table 1. Reference year (2016) market prices of biomass assortments and electricity.

Commodity Price [EUR/MW HLHV ] Source

Electricity sold 29.1 [88]

Electricity purchased 41.7 [89]

Sawlogs

Pine 22.0

[90] b

Spruce 25.0

Non-Coniferous 21.6

Pulpwood

Pine 12.8

Spruce 12.2

Non-Coniferous 13.5

Industrial by-products Sawdust 24.4 [91]
Bark a 11.0

Harvest residues (tops and branches) 17.1 [84] c

Wood chips 18.7 [91]

Pellets 25.7 [92,93]
a Assumed to be 20% lower price than sawdust on a volumetric basis. b Roundwood prices in EUR/m3fub,
before price calibration. The basic disaggregation into regions is based on the regionally disaggregated
data [90], and then manually adjusted (with approximation) to the regions of SFSTMII. The conversion factor
used for coniferous wood equals 0.458 m3fub/MWh, and the one for non-coniferous 0.386 m3fub/MWh [94].
c There is no official price data for harvest residues (tops and branches); instead, the price of this
assortment was based on estimations in [84,86]. The conversion factor used for tops and branches equals
0.208 tonDS/MWh [94].

Table 2. Reference year (2016) forest industry production levels, aggregated by product category [95–97].

Industry Product Production 2016

Pulp and paper industry Chemical pulp 7.81million tonnes
Mechanical pulp 3.85 million tonnes

Sawmill
Sawn pine 6.7 million m3

Sawn spruce 10.4 million m3

Sawn non-coniferous 0.12 million m3

Pellets Wood pellets 1.7 million tonnes

4.2.3. Technology Data

The LBG facility is based on a dual fluidized bed gasifier integrated with a generic Nordic sawmill.
The facility also includes a back-pressure steam turbine. The energetic performances of the two studied
LBG plant configurations are presented in Table 3.

Table 4 shows the overall investment cost function for the LBG facility, derived from data presented
in [26].
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Table 3. Energy performance (LHV) of the biorefinery configurations, derived from [26]

Config. A Config. B

LBG produced [MWLBG/MWBiomass] 0.69 0.69
Electricity used [MWel/MWBiomass] 0.104 0.083
Electricity produced [MWel/MWBiomass] 0.057 0.155
Additional biomass for heating [MWBiomass/MWLBG] 0 0.042

Table 4. Investment cost correlation depending on the size of the hosting sawmill. C is the annual
production of sawn wood in m3.

InvestmentCost = a · Cb[MEUR2016]

a b

Config. A 0.014 0.73
Config. B 0.0283 0.69

For the economic evaluation in BeWhere Sweden, a capital recovery factor (used to annualize the
investment cost) of 0.1 was assumed, e.g., corresponding to a discount rate of 8% and an economic
lifetime of 20 years.

The biomass assortments allowed to be used for different activities in BeWhere Sweden are shown
in Table 5.

Table 5. Biomass assortments allowed to be used for different productions in BeWhere Sweden.

Biomass Assortments

Demand Sector Sawlogs Pulpwood Tops and
Branches

Wood
Chips

Industrial
by-products

Waste
Wood Pellets

Sawmills
(sawn products) x

Sawmills
(heat demand) x x x

Pulp and paper
mills (pulp) x x x

Pulp and paper
mills (heat) x x x x x

Pellets
production x x

Stationary
energy a x x x x x x

LBG
production x x x

a District Heating and Combined Heat and Power plants.

4.3. Case Study Results

4.3.1. Biorefinery System Performance

Figure 7 shows three different resulting biomass prices from STSTM II: the current exogenous
prices without introduction of biorefinery production (blue bar), and the final endogenous prices at
the end of the iteration procedure when considering the introduction of the two different biorefinery
technology configurations (light brown and green bars). Correspondingly, Figure 8 shows the resulting
biomass use in the different industries and sectors, and Figure 9 the change in industrial production
resulting from introduction of the biorefinery.

Interestingly, even though both technology configurations were sized to be able to be feedstock
self-sufficient using only internal by-products, the cost-minimizing solutions also include biorefineries
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that import feedstock in the form of tops and branches. The reason is that the usefulness of tops and
branches for other uses is lower than that of the by-product assortments, since they cannot be used for
pulp production or pellets production.
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Figure 7. Biomass prices before (“current-exogenous”) and after (“iterative-endogenous”, relaxation
factor = 1) the introduction of biorefinery production. Output from SFSTM II. Config. A = using all
sawmill by-products, Config. B = excluding the wood chips.

Figure 8. Biomass use (TWh/a) in the different industries before (“current-exogenous”) and after
(“iterative-endogenous”, relaxation factor = 1) the introduction of biorefinery production. Output from
SFSTM II. Config. A = using all sawmill by-products, Config. B = excluding the wood chips.

The most prominent effect from the biorefinery introduction on existing industries is noted for
the pellets industry. This is not due to a physical shortage of industrial by-products, as those are
indeed available in sufficient quantities (Figure 8). Instead, it is a result of the high feedstock market
prices (Figure 7), which render pellets production unprofitable. All biomass assortments allowed for
the biorefinery production, i.e., industrial by-products, wood chips, and tops and branches, show a
significant price increase when the LBG production is introduced. The price of pellets also increases due
to the increase in feedstock prices, despite pellets not being used as biorefinery feedstock. In contrast,
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the production in both the sawmills and the pulp and paper industry is relatively unaffected by the
biorefinery introduction, despite the potential new competition for feedstocks.

Ch
em

.  
ul
 

M
ec
h.
  
ul
 

Pe
lle
ts

Sa
wn

 w
oo
d

Industry

−8

−6

−4

−2

0
Pr
od
uc
tio

n 
ch
an
ge
 [%

]

Biomass market scenario
config. A, iterati%e-endogenous
config. B, iterative-endogenous

Figure 9. Change in forest industry production after the introduction of biorefinery production,
when applying the iterative framework. Calculated from SFSTM II output. Config. A = using all
sawmill by-products, Config. B = excluding the wood chips.

Next, let us examine the effect of applying the iterative framework on the LBG supply cost,
shown in Figure 10 for the current-exogenous and iterative-endogenous scenarios, respectively.
The cost shown is the total system supply cost, which includes both the direct costs related to
the biorefineries, and the indirect costs in the form of increased costs for other biomass users.
Unsurprisingly, the system supply cost of LBG increases when endogenous biomass prices are
considered, and most significantly so for the biorefinery configuration with the higher specific biomass
demand (see Table 3) and higher ultimate market prices for sawmill residues (Figure 7).
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Figure 10. Total system supply cost of produced LBG when using exogenous and endogenous biomass
prices, respectively. Output from BeWhere Sweden. Config. A = using all sawmill by-products,
Config. B = excluding the wood chips.
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4.3.2. Convergence and Relaxation Factors

The convergence of the case study was explored by running the framework both with, and without
applying relaxation factors. The same same relaxation factor was applied for both directions in the
iterative process. Figure 11 displays the average national biomass prices from STSTM II at different
iteration counts for the two studied biorefinery technology configurations, Figure 12 the total system
cost from BeWhere Sweden at the same iteration counts, and Figure 13 the normalized biomass usage
in the biorefineries.

Noticeably, the relaxation factor has a modest impact on the biomass prices, which all move
towards convergence. However, while the biomass prices suggest that the models have converged
for all relaxation factors, the total system cost shows that this is not fully the case for the lowest
relaxation factors (0.1 and 0.05). In addition, the biomass usage has not converged, as the integrated
model framework oscillates between different solutions when lower relaxation factors are applied.
While all different relaxation factor scenarios approach the same total system cost, 30 iterations are not
enough to reach full convergence. This shows that, for the case demonstrated here, there is no benefit
regarding prices and biomass allocation in applying a relaxation factor. This conclusion may, however,
be different when evaluating scenarios with higher biorefinery product demand, as this might induce
a geographical oscillation between model solutions.
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Figure 11. Biomass prices during the iterative process. Output from SFSTM II. (Top) Config. A = using
all sawmill by-products. (Bottom) Config. B = excluding the wood chips.
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Figure 12. Total system cost during the iterative process. Output from BeWhere Sweden. Config. A = using
all sawmill by-products, Config. B = excluding the wood chips.
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Figure 13. Biorefinery feedstock composition during the iterative process. Output from BeWhere Sweden.
(Top) Config. A = using all sawmill by-products. (Bottom) Config. B = excluding the wood chips.

5. Discussion and Future Research

The barriers associated with linking models from different traditions of research is a real
obstacle—as not only do the models differ in structure and objective function, but the researchers
representing the fields also have different agendas. The use of soft-linking enables models to be
brought together representing different aspects of a topic while keeping the integrity of the models
intact. The proposed framework is an example of how to soft-link models from the techno-economic
tradition with the models in economics built upon market behavior.

Regarding future developments of this framework, it should be noted that so far it has been
developed to improve the economic assessment of biorefinery concepts. However, as the main political
interest in new biorefinery concepts lies in the possibility of substituting fossil-fuel products and
energy carriers, additional variables in the form of, for example, greenhouse gas emissions related to
the biorefinery supply chain can be included in the framework by attributing the different flows with
the corresponding emissions. Extending the framework by including external environmental costs
in the objective function enables further analysis of the cost associated with large-scale deployment
of biorefinery technologies, as both the impact on the supply chain and the competing industries
are captured.

Depending on the chosen system boundaries in the techno-economic evaluation of the biorefinery
technology, the economic performance could be affected differently by the changing biomass market
prices. To further evaluate how the proposed framework can provide additional insights into the
economic performance of biorefinery technologies, it needs to be tested for case studies with a larger
set of technologies and biofuel demand scenarios.

The current literature regarding economic evaluations of emerging technologies emphasizes that
future market prices need to be considered. However, this is rarely done in a way that endogenizes
the market price impacts from the deployment of the technology; see, for example, [8–11,28],
which risks overestimating the economic performance. Combining the presented framework with
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scenario-based future market prices should provide a comprehensive understanding of the possible
future economic performance of a technology and make it possible to reduce the risk of guiding policy
support and investment towards technologies prone to future cost escalations due to changes in the
feedstock market.

The framework developed and demonstrated here is particularly focused on the evaluation of
lignocellulosic biorefinery concepts. However, it should be noted that the framework structure can be
extended to other areas as well. This framework is particular of interest for evaluations of emerging
technologies where the feedstock constitutes a significant portion of the total cost, and especially where
the potential feedstock is currently traded in a competitive market, which improves data availability
for formulating the market model.

Finally, to further increase the accuracy of the economic assessment, the framework may also be
soft-linked with other national models covering other countries (biomass markets) to simulate trade
effects as a consequence of changing feedstock prices. A more sophisticated trade analysis would also
provide insights regarding the exporting possibilities for a product produced in a specific biorefinery
concept, as well as contribute to a broader environmental assessment.

6. Conclusions

We have proposed and demonstrated a soft-linking framework in an attempt to bridge the gap
between techno-economic modeling and market modeling in the assessment of emerging biorefinery
concepts. We showed that the final price effects of introducing a new biorefinery concept at a large
scale are far from straightforward to forecast, as prices are formed in markets where any price changes
affect both feedstock allocation and production levels in affected industries and sectors.

Three general insights can be discerned from the case study. Firstly, the use of static supply
chain optimization models and exogenous biomass prices for the analysis of the biorefinery supply
chains neglects the availability of suitable feedstocks due to changed allocations on the biomass
markets. Secondly, neglecting the biomass price changes that are induced by the implementation of
the biorefinery leads to erroneous relative biomass market prices. This might lead to specific biomass
assortments being identified as preferable to use for the biorefinery, which might not be the case given
their price changes as a result of the increased demand. Thirdly, the underestimation of the effect
of higher feedstock costs might lead to overestimations of the potential of forest-based biorefinery
products to penetrate the market.

Based on this, we argue that the framework developed in this paper can be used to facilitate the
identification of biorefinery concepts with high economic performance and that in turn are robust to
feedstock price changes caused by the biorefinery introduction. Furthermore, the proposed framework
complements forest sector models used to analyze exogenous shifts in biomass markets, in that it also
enables the explicit inclusion of flexible technology and supply chain optimization, focused on the
final biorefinery product. In contrast to a static pre-selection of technology to be included in a market
model, the benefit of the iterative framework is the iteration of information between the model that
generates one stable solution considering all the decision variables included. The cost-minimizing
choice of technology depends on feedstock prices. The feedstock prices are in turn dependent on the
technologies included. Thus, optimal technologies included in a market model may not be optimal
when feedstock prices have adjusted to the new production. The proposed framework ensures that
the technologies included in the market model are chosen to minimize total supply cost also when
the feedstock price changes. A biorefinery has many decision variables, and ignoring some of the
key aspects is likely to result in misleading conclusions, with the risk of sending out conflicting
policy recommendations.
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A B S T R A C T   

Large-scale implementation of forest-based biofuel production will have an impact on biomass prices, something 
which in turn will affect biofuel production costs. The profitability of emerging biofuel production technologies is 
usually assessed using techno-economic or market approaches. While techno-economic approaches have a 
detailed description of technologies within plant-level or supply chain system boundaries, they build on exog-
enously given static biomass prices. Conversely, market approaches have a consistent description of the eco-
nomic system including market interactions for prices within local or national boundaries, but they generally 
lack technological depth. This paper combines these two approaches using an iterative framework for a case 
study optimising the production cost of liquefied biomethane (LBG) using different configurations of sawmill- 
integrated biomass gasification. 

Cost estimates are developed using system boundaries surrounding a LBG production plant, and the Swedish 
national borders, reflecting the plant-owner and policymaker perspectives, respectively. The results show that 
different plant configurations are favoured depending on the choice between minimising the biofuel production 
cost for the plant-owner or for the policymaker. Market dynamics simulated by the iterative procedure show that 
a direct policy support of 36–56 EUR/MWh would be needed to sustain large-scale LBG production, which is 
12–31% higher than the necessary policy support estimated based on static biomass prices.   

1. Introduction 

Producing bio-synthetic natural gas (Bio-SNG) by gasification of 
forest residues is an economically viable option for manufacturing bio-
fuels with high efficiency [1]. The economic case is enhanced further if 
Bio-SNG production is feedstock and heat-integrated with a sawmill 
[2–4]. Bio-SNG can be liquefied to produce liquefied biomethane (LBG), 
which can directly replace liquefied natural gas (LNG) in transport and 
heavy industry in areas without a gas grid [2]. 

Investments in large-scale forest-based biofuel production have been 
rare, partly explained by uncertainties in future market prices, policy 
support, and technology costs [5–7]. These factors reduce investment 
likelihood as low-risk projects are preferred [8,9]. Of particular impor-
tance is biomass cost risk [1,8], which can constitute 10–28% of 
forest-based biofuel production cost [7]. 

Partial equilibrium modelling simulations have shown that large- 
scale implementation of biofuel production is likely to affect feedstock 

prices and resource allocation, e.g. [10,11]. In a Nordic context, biomass 
prices could increase with up to 35% [12]. With new biomass prices, 
industry profitability is likely to change. Modelling studies have shown 
that large-scale forest-based biofuel production is likely to result in 
decreased profitability in the pulp industry due to increased pulpwood 
prices, and increased profitability in the sawmill industry due to 
increased demand for their by-products [11,13]. The specific biomass 
assortment used as feedstock for biofuel production will influence which 
industries benefit or lose from the implementation of biofuel production 
[14]. 

To identify the performance of a biofuel supply chain, models that 
minimise the total system cost are often applied, see e.g. [15–17]. Un-
certain price developments are sometimes accounted for by price 
sensitivity analyses, scenarios with systematic assumptions regarding 
the surrounding system [18], or stochastic price processes to simulate 
future prices [19]. However, these approaches do not consider the price 
dynamics caused by the change under evaluation, e.g. impact on 
biomass prices from the introduction of large-scale forest-based biofuel 
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production. 
The strengths of a detailed technology representation in energy 

system models and the market representation and development in par-
tial or general equilibrium models have previously been combined by 
using soft-linking, see for example [20–23]. Due to these strengths, 
soft-linking has often been applied in climate change mitigation analysis 
[24]. A partial equilibrium model covering the Nordic forestry sector 
was hard-linked with an energy model covering the electricity and dis-
trict heating sector in the Nordic countries to analyse the effects on the 
heat and power sector from large-scale forest-based biofuel production. 
The results indicated that studies not accounting for the competition for 
biomass may over-estimate future bioenergy production levels [23]. 

To reach the desired production level of biofuel production, it is 
necessary to identify the required investments, and in turn, the policy 
support levels required. These policy support levels have to make the 
investments profitable for the plant-owner but also need to consider the 
additional indirect cost, such as increased cost for other biomass using 
industries, which is of importance for policymakers. 

This paper aims to identify the policy support levels required to 
facilitate large-scale investments in sawmill integrated production of 
LBG. The results will give an indication of the support needed to initiate 
investments in full-scale plants, considering current biomass market 
conditions. The paper also aims to estimate what levels of support that 
would be required when the biomass market has been affected by the 
large-scale implementation, which corresponds to the policy support 
necessary to maintain a large-scale biofuel production. Specifically, this 
work aims at answering the following questions:  

• What are the policy support levels necessary to (1) facilitate the 
initial investments in large-scale biofuel production plants, and (2) 
maintain high production levels in the long-term under changed 
biomass market conditions?  

• How is the economic performance of different biofuel production 
technologies affected by adopting either a plant-owner or a policy-
maker perspective? 

To achieve this, we utilise a framework that combines techno- 
economic modelling, supply chain cost optimisation and micro- 
economic partial equilibrium modelling through soft-linking. Sweden 
is used as the geographical scope, where the well-developed forest in-
dustry provides biomass competition and an ample selection of potential 
host sites. While the study encompasses the geographical boundaries of 
Sweden, the approach can be replicated for other geographical areas 
using similar models. 

2. Methodology 

We applied the interdisciplinary soft-linking framework presented 

by Zetterholm, Bryngemark, and Ahlström [25], which considers the 
biomass market impacts of introducing large-scale biofuel production. 

2.1. Techno-economic market evaluation framework 

The framework uses soft-linking of three sub-models that cover 
different aspects of the biofuel production system. The sub-models 
included are:  

1) The plant-level model: identifies the plant-level performance from a 
plant-owner perspective. It results in the biomass-to-biofuel yield(s) 
and biofuel production cost as observed by the plant-owner.  

2) The supply chain model: covers the specific location and plant data 
of host and competing industries and identifies the performance of 
the entire supply chain using the national borders as system 
boundaries, reflecting the system boundaries of a policymaker. It 
considers the location of biomass, host sites, and competing biomass 
users.  

3) The market model: covers the market price formations and industry 
biomass demand. It simulates the market dynamics given a specified 
demand for domestically produced biofuels resulting in new biomass 
market equilibrium prices and forest industries production 
quantities. 

Fig. 1 shows a schematic overview of how the different sub-models 
are linked and what data passes between the different models during 
the iterations. 

Iterations of the biomass market prices, forest industry production, 
and biomass usage between the market and supply chain continue until 
the biomass prices, and forest industry production levels converge. The 
output of the framework is the economic performance of a biofuel 
production technology considering the biomass price impacts from the 
large-scale implementation of the technology in the system. 

2.1.1. Plant-level model 
The plant-level model determines the site-specific technology 

configuration and techno-economic performance of the plant from the 
perspective of the plant-owner. The plant-level technology configura-
tions and the associated mass- and energy balances are based on pre-
vious work [2] where the configurations were determined using 
pinch-analysis [26,27] to heat integrate the biofuel production facility 
with the host sawmills, applying different heat integration targets for the 
sizing of the facility. 

The economic performance of the plant was determined using the 
annuity method to calculate the LBG production cost. Investment costs 
were taken from Ahlström et al. [2] and include the cost of purchased 
equipment, the direct costs, such as installation and buildings, and the 
indirect costs, such as start-up, contingency and working capital. 

Nomenclature 

BF Biofuel 
crf Capital recovery factor 
CHP Combined heat and power 
DH District heat 
DPC Direct production cost 
DSC Direct supply cost 
dtr,i Transport distance of commodity i 
Ei Input/output of commodity i 
I Investment cost 
i Commodity index 
j Facility index 
LBG Liquefied biomethane 

LNG Liquefied natural gas 
MILP Mixed integer linear programming 
O&M Operation and maintenance 
Pdep,tr,i Distance dependent transport cost of commodity i 
Pfix,tr,i Fixed transport cost of commodity i 
Pi Price of commodity i 
PLNG Price of liquefied natural gas 
PSCdirect Direct policy support cost 
PSCindirect Indirect policy support cost 
Ptr,i Transport cost of commodity i 
SNG Synthetic natural gas 
Syscost Total system cost 
TSSC Total system supply cost  
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Operation and maintenance costs were estimated from the heat and 
mass balances accounting for external heating and cooling needs. 

2.1.2. Supply chain model 
The supply chain model used was the geographically explicit supply 

chain model BeWhere Sweden. BeWhere Sweden is a mixed-integer 
linear programming (MILP) model written in GAMS using CPLEX as a 
solver, see [4,28] for a more detailed overview. The geographical scope 
of the model encompasses the national boundaries of Sweden and in-
cludes a large number of sites of importance for biomass supply and 
demand as well as site-specific data on energy and biomass use for 
competing industries and potential host industries. The model minimises 
the total system cost to satisfy a specified biofuel (LBG) demand 
considering the cost for energy carriers, transports, and investments. 
This is done by determining the location of production facilities and the 
flow of biomass in the entire system while simultaneously satisfying the 
biomass demand in other sectors (forest industry and stationary energy 
sector). 

As commonly done in these types of models, the biomass prices are 
assumed to be static. Accordingly, the biomass prices and production 
quantities in other industries are not affected by the adaptation of a 
specific biofuel production technology (including the scale at which this 
is implemented). However, the biomass prices have spatial differences 
depending on, for example, local harvesting costs, transport costs, see 
[4]. 

The techno-economic performance of the site-specific technology 
configurations output by the plant-level model was used as input in the 
supply chain model. The supply chain model output includes the biofuel 
supply cost, the lowest cost locations of biofuel plants and the compo-
sition of the biomass assortments used for biofuel production. The 
biomass usage per assortment was used as input to the market model to 
represent the biofuel production technology. 

2.1.3. Market model 
The changes in the biomass market from the large-scale introduction 

of biofuel production were simulated using the partial equilibrium 
model, the Swedish forest sector trade model (SFSTM II) [13,29,30]. 
SFSTM II consists of two sub-models: a trade cost model that calibrates 
prices and feedstock allocation to a reference year, and model that can 
be used to simulate prices and feedstock allocations under various sce-
narios, such as the introduction of new biofuel production, taxes etc. 

The market model simulates biomass feedstock prices and alloca-
tions in the forest biomass market in Sweden, including trade with the 
rest of the world. With the introduction of domestic biofuel production, 

the model generates new biomass feedstock prices and allocations 
within and between industries and sectors. The market consists of forest 
industries, bioenergy heat and power production, and biofuel produc-
tion. Prices are simulated for raw materials (e.g. pulpwood), by-products 
(e.g. bark), intermediate products (e.g. pellets) and final products (e.g. 
plywood). Industries optimise production levels and feedstock use to 
maximise profits given feedstock prices, supply constraints, and the 
market demand for products (including by-products, intermediate 
products, and final products). The model is implemented in GAMS and 
uses the CONOPT solver to maximise consumer and producer surplus to 
obtain equilibrium prices and resource allocation [13]. The outputs in 
terms of new industrial production levels and biomass equilibrium pri-
ces after the implementation of biofuel production were used as inputs 
to the supply chain model. 

2.1.4. Performance indicators and modelling procedure 
This section describes the implementation of the modelling frame-

work and the performance indicators used. Two different biomass 
market scenarios were considered describing if the biomass prices were 
determined internally in the modelling procedure (endogenous to the 
model) or if they were determined externally to the model and given as 
static values (exogenous to the model):  

1) The current-exogenous (2016) biomass market scenario considers the 
biomass market without any endogenous changes from the deploy-
ment of new biofuel production.  

2) The iterative-endogenous biomass market scenario incorporates the 
biomass market changes from the deployment of large-scale biofuel 
production. 

The performance indicators used to evaluate the production of LBG 
were: 

The direct production cost (DPC) is the cost of biofuel production from 
the plant-level model. It represents the biofuel selling price necessary for 
a profitable investment from a plant-owners perspective. DPC is calcu-
lated as in equation (1) according to [2]: 

DPC =

( ∑(
Ei⋅

(
Pi + Ptr,i⋅dtr,i

))
+ I⋅crf + O&M

)

EBF
(1)  

where Ei is the annual plant input or output of commodity i (e.g. elec-
tricity, biomass), Pi is the respective prices, Ptr is the transport cost, dtr is 
the transport distance, I is the investment cost, cfr is the capital recovery 
factor, O&M is the annual operation and maintenance cost, EBF 

Fig. 1. Schematic overview of the iterative process in the modelling framework.  
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represents the annual plant biofuel production. 
The direct supply cost (DSC) is the direct supply cost of LBG from the 

supply chain model. DSC encompasses all direct costs associated with 
the LBG production. The direct supply cost is calculated as the average 
value for all LBG production facilities (see section 2.1.2) as shown in 
equation (2): 

DSC =

(∑
j

( ∑
i

(
Ei,j⋅

(
Pi + Pfix,tr,i + Pdep,tr,i⋅dtr,i

))
+ Ij⋅crf + O&Mj

))

EBF,tot
(2)  

where index j represents each facility, index i represents each com-
modity, Pfix,tr is the fixed part of the transport cost (i.e. loading/ 
unloading of commodities), Pdep,tr is the distance-dependent part of the 
transport cost, dtr is the transport distance of each commodity, Ij is the 
investment cost of facility j, crf is the capital recovery factor, O&Mj is the 
operation and maintenance cost of facility j, and EBF,tot is the total annual 
domestic LBG production. 

The total system supply cost (TSSC) shows the total LBG supply cost 
from the supply chain model which includes both the direct costs (e.g. 
costs directly associated with the biofuel production plants) and the 

Fig. 2. Schematic overview of the calculation procedure. Boundaries for 5) encompasses the iteration system boundary in Fig. 1.  
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indirect costs (e.g. increased costs for other biomass users). This can be 
analogous to the perspective of a policymaker which also needs to 
consider the indirect impact on other biomass using industries from the 
introduction of large-scale biofuel production. TSSC is estimated as in 
equation (3) and is a measure of the additional system cost of producing 
a specific amount of biofuel compared to no biofuel production: 

TSSC =
SyscostBF − SyscostnoBF

EBF,tot
(3)  

where SyscostBF is the total system cost (see section 2.1.2) for the specific 
annual biofuel production and the biomass market scenario, SyscostnoBF 
is the total system cost without any biofuel production in a given 
biomass market scenario (see Fig. 2), and EBF,tot is the total annual do-
mestic LBG production. 

Policy support cost (PSC) is a measure of the cost of financial support 
for a plant owner to have a profitable investment in a biofuel production 
plant. The direct policy support cost (PSCdirect) is a measure of the policy 
support which would be necessary for the plant-owner to invest, and the 
indirect policy support cost (PSCindirect) is the additional cost of the policy 
support that the policymaker observes in the form of increased costs for 
other biomass users. 

PSCdirect =DPC − PLNG (4)  

PSCindirect =TSSC − PLNG − PSCdirect (5) 

Comparing the policy support necessary under the current-exogenous 
and iterative-endogenous biomass market scenarios show both the policy 
support necessary to enable investments now, and that required for 
sustaining large-scale production after the biomass market characteris-
tics have changed. The specific calculation procedure is shown in Fig. 2, 
followed by a detailed description.  

1) Observed data for the biomass market (2016) (e.g. biomass prices, 
production levels, harvesting quantities) are used as input to the 
market model. The market model is calibrated using the trade cost 
minimisation part of the model resulting in the calibrated biomass 
prices and industrial production levels referred to as the current- 
exogenous biomass market scenario.  

2) The calibrated biomass prices are used as input to the plant-level 
model, which calculates the direct production cost using the current- 
exogenous biomass market, using equation (1).  

3) The current-exogenous biomass market data are used as input to the 
supply chain model together with the annual demand of domestically 
produced LBG. The supply chain model results in the lowest cost 
system configuration for the given biofuel demand. The system 
configuration is used to identify, the direct supply cost (calculated 
from equation (2)), the total system cost, and the biomass usage for 
producing LBG.  

4) The current-exogenous biomass market data are used as input to the 
supply chain model which calculates the total system cost without 
any biofuel demand. The total system cost with and without do-
mestic biofuel production is used to calculate the total system supply 
cost, see equation (3). 

5) The biomass usage for biofuel production under the current-exoge-
nous biomass market scenario is used as the initial representation of 
the biofuel production technology in the market model. The iteration 
procedure follows the iteration system boundaries in Fig. 1, and after 
convergence, the data for the iterative-endogenous biomass market 
scenario is obtained, and biomass prices and industrial production 
before (current-exogenous), and after (iterative-endogenous) the large- 
scale implementation of biofuel production can be compared.  

6) The plant-level model is used to calculate the direct production cost for 
the iterative-endogenous biomass market scenario, as in 2).  

7) The supply chain model is used to calculate the direct supply cost for 
the iterative-endogenous biomass market scenario, as in 3).  

8) The supply chain model is used to calculate the total system supply cost 
for the iterative-endogenous biomass market scenario, as in 4). 

2.2. System description and input data 

The technology used to determine the techno-economic performance 
of LBG production was based on previous work [2]. Three different 
site-specific sawmill-integrated configurations for the technology were 
evaluated and Sweden was used as the geographical scope where the 
forest industry provides both competing uses for the biomass, the supply 
of industrial by-products, and the potential host/integration sites. 

The biomass assortments allowed as feedstocks to the biofuel pro-
duction were limited to forest and forestry by-products, i.e. industrial 
by-products (sawdust and bark), wood chips, and tops and branches. 
This is in line with the EU waste hierarchy and the REDII directive [31], 
which favour waste and by-products for the production of 
second-generation biofuels production. 

All calculations apply the monetary value year of 2016 using the 
exchange rate of 9.47 SEK/EUR [32]. The investment costs were con-
verted to the 2016 monetary value year using the Chemical Engineering 
Plant Cost Index (CEPCI) [33]. 

2.2.1. Technology configuration description and data 
The gasifier technology is based on a dual fluidised bed (DFB) gasi-

fication concept [34]. Specifically, this study utilised the process model 
presented in [35] for LBG production. The LBG plant was heat and 
feedstock integrated with a generic Nordic sawmill considering several 
different sizing criteria [2]. A steam cycle with a back-pressure turbine is 
used to generate electricity from the recovered excess heat. The steam 
mass flow from the turbine draw-offs was optimised for electricity 
generation utilising linear programming methods [36]. The LBG pro-
duction plant size in relation to the host sawmill was determined ac-
cording to the following criteria, each of which represents a distinct 
configuration in the study:  

A) All available sawmill residues. The LBG plant was sized to use all of 
the on-site available residues (i.e. bark, sawdust, and wood chips) 
for biofuel production (and cover any additional heating demand 
at the sawmill). The plant-owner maximise the on-site LBG pro-
duction capacity without needing to import additional feedstock.  

B) Sawmill heat demand. The LBG plant was sized for all excess heat 
released from the biofuel production facility to cover the internal 
heat demand at the sawmill.  

C) 500 MW facility. The LBG plant was sized to produce 500 MWth of 
LBG, equalling a biomass input the size of a large Swedish pulp 
mill. The configuration represents a case where it would be 
deemed very profitable to produce LBG in large facilities. 

The energy balances of the different configurations are shown in 
Table 1. 

The annual electricity production for configuration C (in GWh) was 
determined according to equation (6): 

Table 1 
Energy balance (LHV) for each configuration normalised against the biomass 
input, derived from [2].  

Technology 
configuration 

LBG produced 
[MWBiofuel/ 
MWBiomass] 

Electricity used 
[MWel/ 
MWBiomass] 

Electricity 
produced [MWel/ 
MWBiomass] 

A – All by- 
products 

0.69 0.104 0.057 

B – heat 
integration 

0.69 0.104 0.099 

C – 500 MW 0.69 0.104 * 

*Depending on the size of the sawmill, see equation (6) 
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El= 91.8⋅size− 0.012 (6)  

where the size is the annual production of the hosting sawmill in m3 of 
sawn wood. The annual operating time for the LBG facility was assumed 
to be 7838 h/a. Configuration C has a fixed biofuel plant size whereby 
the electricity output is dependent on the size of the sawmill. 

The host sawmill used in the plant-level model was set to 250 000 m3 

annual production of sawn wood. In the supply chain model, all saw-
mills with a sawn wood production higher than 50 000 m3 of were 
included as possible host locations. 

Both the plant-level and supply chain evaluations used a capital re-
covery factor of 0.1, corresponding to a discount rate of 8% and an 
economic lifetime of 20 years. Presented in Table 2 are the investment 
cost correlations for the different configurations depending on the size of 
the hosting sawmill. 

2.2.2. Forest industries 
Swedish forest industries not only provide an ample selection of 

competing uses for the forest biomass but also opportunities for host 
sites (sawmills) with on-site availability of sawmill by-products. 

The data used to represent different industries rely partly on different 
datasets due to the required resolution in the models. The host sawmill 
in the plant-level model was represented in terms of heat demand and 
availability of by-products, based on a generic Nordic sawmill [37]. 

The site-specific production levels for each sawmill and mechanical 
pulp mill in BeWhere Sweden were determined from the Swedish Forest 
Industries Federation (SFIF) data [38]. Missing sawmills data was 
complemented with additional data gathering from their respective 
websites. The internal heat demand and by-product (sawdust, wood 
chips, and bark) availability at each sawmill were calculated using 
general correlations [39]. The chemical pulp mills were modelled 
mainly with data from Wiberg and Forslund [40], and supplemented 
with data from SFIF [38]. For more details and site-specific assumptions, 
see [4,28]. 

2.2.3. Forest biomass supply and demand 
The competing forest industries considered were sawmills (both 

competing industries and potential host sites), stationary energy sector, 
pulp- and paper mills, and pellets production. Table 3 shows the biomass 
assortments allocated to each category. 

Table 4 shows the maximum biomass harvest potentials for each 
biomass assortment, which are the same amount in BeWhere Sweden 
and SFSTM II. The “today’s forestry” scenario from the Swedish Forest 
Agency impact assessment (SKA 15) [41] was used to describe the 
theoretical potentials for future harvest (final felling and thinning) 
assuming current practices. The spatial distribution of the biomass was 
estimated using a bottom-up approach described in detail in [4,42,43]. 
Both BeWhere Sweden and SFSTM II considers the availability of in-
dustrial by-products as functions of the production levels of the forestry 
industries. However, there are differences in the treatment of harvesting 
residues, which are defined exogenously in BeWhere, while in SFSTM II 
they are estimated from the model results from the harvest of virgin 
wood. 

2.3. Model calibration and linking 

2.3.1. Model calibration 
The biofuel production, the biomass prices, and the forestry products 

are outputs from SFSTM II and were calibrated against the 2016 data on 
the biomass market for biomass prices, current harvesting levels, and 
industrial production levels using the trade cost minimisation part of the 
model. For more details on calibration see [13]. The current harvesting 
levels were from SFA and FAO Statistics [44–46]. 

The base year biomass prices used in the calibration are shown in 
Table 5 together with the prices for purchased and sold electricity. The 
production levels for the forest industries used as inputs to the market 
model for the model calibration are shown in Table 6. 

b Industrial by-products are represented aggregate in BeWhere 
Sweden, while sawdust and bark are individually represented in SFSTM 
II, the price of industrial by-products in BeWhere Sweden is averaged 
against the traded volumes of sawdust and bark. 

c Roundwood prices in EUR/m3 fub, before price calibration. Price 
data on the wood type (sawlog or pulpwood) and tree species are from 
[44]. The basic disaggregation into regions is based on the regionally 
disaggregated data in [44] and then manually adjusted (with approxi-
mation) to the regions of SFSTMII presented by [30]. The conversion 
factor used for coniferous wood 0.458 m3fub/MWh, and non-coniferous 
0.386 m3fub/MWh [52]. 

d There is no official price data for harvest residues (tops and 
branches); instead, the price is based on estimations from [30], see [30, 
53] for more information regarding the estimations. The conversion 
factor used for tops and branches was 0.208 m3fub/MWh [52]. 

2.3.2. Model linking 
BeWhere Sweden and SFSTM II differ in their representation of 

biomass assortments, the spatial resolution. Table 7 shows the different 
biomass assortments represented in the two models. 

The differences in the biomass assortments create difficulties in that 
the market model has both coniferous and non-coniferous biomass as-
sortments, not represented in the supply chain model. Likewise, there is 
a difference in that the supply chain model differentiates between 
biomass from final felling and biomass from thinning. These differences 
were resolved by adjusting the prices in BeWhere Sweden so there is no 
differentiation between final felling and thinning. In the case where 
several biomass assortments in the SFSTM II were used to calculate new 
biomass prices in BeWhere Sweden, the prices were weight-adjusted for 
the total production volumes. 

Since industrial production is represented at the regional level in 
SFSTM II and for each specific site in BeWhere Sweden, the underlying 
data for the base year can result in discrepancies in the total national 
production between the two models. The total production for each in-
dustry branch in BeWhere Sweden was calibrated to the production 
levels in SFSTM II by applying a general factor adjusting the production 
volume of each site. 

The geographical representation in BeWhere Sweden has 334 grid 
cells with a half-degree spatial resolution, whereas the SFSTM II is 
divided into four regions. The differences in the geographical repre-
sentation were addressed in the iteration procedure by using the same 
biomass prices in each grid cell belonging to the region representated in 
SFSTM II. The industrial production levels passed from the SFSTM II to 
BeWhere Sweden were however treated on a national scale. This was 
done since SFSTM II treats the production in the regions similarly while 
BeWhere Sweden has individual representation. If a specific region 
would be host to both an efficient and inefficient industrial site, both 
would be affected by any increase, or decrease in production - while it 
would be more likely that inefficient sites would be the first to decrease 
production, rather than efficient. Since the SFSTM II does not identify 
which particular sites reduces their production the production was 
decided to be treated on a national scale. 

Table 2 
Investment cost correlation for each configuration depending on the size of the 
host sawmill, derived from [2]. X is the annual production of sawn wood in m3.  

InvestmentCost = c1⋅Xc2 [MEUR2016]

Technology configuration c1 c2 R2 

A-All by-products 0.0140 0.73 0.999 
B-heat integration 0.0362 0.69 0.999 
C-500 MW 704 0.0077 0.999  
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2.4. Biofuel demand scenarios 

Two biofuel demand scenarios in which the total production of LBG 
equals 4 and 8 TWh/a, respectively, were modelled. The two scenarios 
were treated as fixed demand scenarios in which the biofuel demand was 
met by domestic production. The LBG produced is assumed to be used in 

the transport sector, potential future use in other sectors, such as iron 
and steel is not considered. These demand levels can be compared with a 
future scenario for high gaseous fuel usage in the Swedish transport 
sector with a demand of 4.3 TWh/a gaseous fuels in 2040 [56]. Addi-
tionally, it can be compared with the current (2019) usage of 3.9 TWh/a 
fossil fuels used for heating purposes in the Swedish iron and steel in-
dustry, which could be a sector needing LBG to remove fossil emissions 
[57]. 

3. Results and discussion 

The market model was calibrated against the base year data (see 
section 2.3.1), resulting in the current-exogenous biomass market sce-
nario. Appendix A shows the comparison between the base year data and 
the current-exogenous biomass scenario data. 

3.1. Production and supply costs 

Fig. 3 shows the calculated direct production cost, direct supply cost, 
and total system supply cost for the different technology configurations, 
biomass market scenarios (current-exogenous, iterative-endogenous), and 
biofuel (LBG) demand scenarios (4 and 8 TWh/a). 

Unsurprisingly, all performance indicators increased as a result of 
changing from the current-exogenous to iterative-endogenous biomass 
market scenario. The cost increases were particularly notable for the 8 
TWh/a biofuel demand scenario, which registered an increase of 8–17 
EUR/MWh (14–25%) for the direct production cost, 17–21 EUR/MWh 
(28–38%) for the direct supply cost, and 11–13 EUR/MWh (13–19%) for 
the total system supply cost upon changing from the current-exogenous to 
the iterative-endogenous biomass market scenario. 

The total system supply cost experienced a smaller increase compared 
with the direct production cost and the direct supply cost when changing 
from the current-exogenous to the iterative-endogenous biomass market 
scenario. This is a consequence of the total system supply cost incorpo-
rating the impact on other biomass users. The change from the current- 
exogenous to the iterative-endogenous biomass market scenario resulted in 
a decreased biomass demand in the pellets industry due to decreased 
pellets production (see section 3.2). As the value of the forest industry 
products in BeWhere Sweden were not included in the total system cost, 

Table 3 
Biomass assortments allocated to each forest industry category (in the BeWhere Sweden model).   

Biomass assortments 

Demand sector Sawlogs Pulpwood Tops and branches Wood chips Industrial by-products Waste wood Pellets 
Sawmills (sawn products) x       
Sawmills (heat demand)   x x x   
Pulp and paper mills (pulp) x x  x    
Pulp and paper mills (heat demand)  x x x x x  
Pellets production plants    x x   
Stationary energy (DHa and CHPb)  x x x x x x 
LBG production   x x x   

b Combined Heat and Power plant. 
a District Heating. 

Table 4 
Maximum biomass harvesting potentials.   

Supply potential [TWh/a] 

Sawlogs 89 
Pulpwood 69 
Tops and branches 31  

Table 5 
Base scenario market prices.   

Commodity Base year prices [EUR/ 
MWhLHV] 

Source 

Electricity sold 29.1 [47] 
Electricity purchased 41.7 [48] 
Sawlogs Pine 22.0 [44]c 

Spruce 25.0 [44]c 

Non- 
Coniferous 

21.6 [44]c 

Pulpwood Pine 12.8 [44]c 

Spruce 12.2 [44]c 

Non- 
Coniferous 

13.5 [44]c 

Industrial by- 
productsb 

Sawdust 24.5 [49] 
Barka 11.0 [49] 

Tops and branches 17.1 [30]d 

Wood chips 18.7 [49] 
Pellets 25.7 [50, 

51]  

a Assumed price 20% lower than sawdust on a volumetric basis. 

Table 6 
Forest industry production levels in 2016, aggregated on the product category.  

Industry Product Base year 
production 

Source 

Pulp and paper industry Chemical pulp 7.81 million 
tonnes 

[54] 

Mechanical pulp 3.85 million 
tonnes 

[54] 

Sawmill Sawn pine 6.7 million m3 [54] 
Sawn spruce 10.4 million m3 [54] 
Sawn non- 
coniferous 

0.12 million m3 [54] 

Pellets Wood pellets 1.8 million tonnes [54] 
Stationary energy (DHa and 

CHPb) 
District heating 17 TWh [55] 

b Combined Heat and Power plant. 
a District Heating. 

Table 7 
Differences and connection between different biomass representations.  

Major biomass assortment 
categories 

BeWhere Sweden biomass 
assortments 

SFSTM II biomass 
assortments 

Pulpwood Final felling, thinning Pine, spruce, non- 
coniferous 

Sawlogs Final felling, thinning Pine, spruce, non- 
coniferous 

Tops and branches Final felling, thinning Harvesting residues 
Industrial by-products Industrial by-products Bark, sawdust 
Pellets Pellets Pellets 
Wood chips Wood chips Wood chips  
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the reduced biomass demand from the pellets industry lowers the total 
system cost. This led to a lower increase in the total system supply cost from 
the increased biomass price by changing the biomass market scenario, 
compared to the direct production cost, and the direct supply cost. 

For the direct production cost and direct supply cost technology 
configuration A (LBG plant sized to utilise all available on-site by- 
products) was the technology configuration most heavily affected by 
changes to the biomass market in both biofuel demand scenarios. Being 
able to fully satisfy biomass demand with onsite biomass by-products 
makes the use of imported by-products, such as tops and branches, 
with their associated transport costs more expensive. However, tech-
nology configuration A had the lowest increase in the total system supply 
cost, albeit being that there were small differences between the tech-
nology configurations for this performance indicator. 

The direct production cost measures the biofuel production cost for the 
plant-owner. If the direct production cost shows that a biofuel production 
technology is profitable from a plant-owners perspective, several in-
vestors will likely deploy that technology. It is therefore of importance 
for the plant-owner to consider the increase in direct production cost in a 
dynamic biomass market when evaluating technology viability. Addi-
tionally, the performance of a specific technology configuration can be 
influenced by the inclusion of the biomass market impacts from the 
introduction of large-scale biofuel production. This is reflected in Fig. 3, 
where technology configuration A has the lowest direct production cost in 
the current-exogenous biomass market scenario, whereas technology 
configuration B (LBG facility dimensioned for the excess heat to cover 
the heat demand of the sawmill) is favoured under the iterative-endoge-
nous biomass market scenario. That technology configuration B is fav-
oured under the iterative-endogenous biomass market scenario is a result 
of the cost of biomass accounting of a smaller share of the direct pro-
duction cost. 

The total system supply cost, which measures biofuel production cost 
from a policymaker perspective, was consistently lowest for technology 
configuration C (sized for 500 MW of LBG production), in all biomass 
market and biofuel demand scenarios. This is in contrast with the direct 
production cost that was, in general, higher for technology configuration 
C, showing that while the total system supply cost is lower for technology 
configuration C, a larger share of that cost is carried by the plant-owner. 

As the fuel output for technology configuration C is significantly 
larger than the other configurations, fewer facilities are needed to meet 
the biofuel demand scenarios. This results in geographically restricted 
areas with increased biomass demand, thereby reducing the number of 

other industrial sites affected by an increased biomass transport cost. 

3.2. Biomass market impacts 

Fig. 4 shows the change in the biomass prices after the large-scale 
implementation of biofuel production (iterative-endogenous) for the 
different scenarios, compared to the current-exogenous biomass prices. 

For all scenarios, there is a high impact on the prices for wood chips 
(42–149%), tops and branches (42–87%), and industrial by-products 
(115–646%), explained by the demand from LBG production. The 
high price increase for industrial by-products is explained by its low 
starting price, see Appendix A. In addition to this, the pellets prices 
increased (15–40%) due to the price increase of its main feedstock (in-
dustrial by-products). The resulting pellets price increase resulted in 
decreased pellets production up to 50%, see Fig. 5 which shows the 
changes in industrial production. The pulpwood and sawlogs prices 
remained largely unaffected since these feedstocks were not allowed for 
the production of LBG. 

Technology configuration A resulted in higher biomass price in-
creases compared to the other technology configurations, also reflected 
in that this configuration had the highest increases in the direct pro-
duction and supply costs. This was especially true for the 4 TWh/a 
biofuel demand scenario where the industrial by-products price increase 
was significantly higher compared to the other technology configura-
tions, which is reflected in Fig. 5 where the pellets production decrease 
is significantly higher compared to technology configuration B. How-
ever technology configuration C combines a relatively low price increase 
for the industrial by-products, with the highest pellets production 
decrease for the 4 TWh/a biofuel demand scenario. In this particular 
scenario, the substantial decrease in the pellets production counteracted 
the increase in demand for industrial by-products from the LBG 
production. 

The results show that the increased competition for the forest and 
forestry by-products resulted in a significant decrease in the pellets 
production, ranging from 10% to 50%, while the other industrial 
branches remained unaffected. This indicates that policy intervention 
that mandates biofuel production from biomass assortments complying 
with the RED II directive results in a reallocation of biomass resources 
from pellets to biofuel production. The benefits from the introduction of 
the biofuel production thus need to consider the alternative fuels that 
will replace the use cases currently fulfilled by pellets. 

BeWhere Sweden does not consider the prices for the products from 

Fig. 3. Calculated direct production cost, direct supply cost, and total system supply cost for the different biomass market scenarios, biofuel demand scenarios, and 
technology configurations. 
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Fig. 4. Biomass price changes from the current-exogenous biomass market scenario.  

Fig. 5. Biofuel production impact on the production of the forest industries shown from the use of the iterative framework.  

Fig. 6. Direct and indirect policy support cost.  
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the traditional forest industries, i.e. pulp, paper, and sawn wood. Given 
that there are small changes in the production of these goods, there 
should be low impact on the system cost from these changes. However, 
there could be scenarios resulting in negative impacts on the production 
levels of the traditional forest industries, which should be considered 
when evaluating the total system cost of the introduction for biofuel 
production, especially since they are major exporting industries in 
Sweden. 

3.3. Required policy support 

The direct and indirect policy support costs for a current EU LNG 
market price of 30 EUR/MWh [58] are shown in Fig. 6. The market price 
is without any sector-specific taxes, therefore the direct policy support 
cost can be interpreted as to also include eventual sector-specific taxes 
affecting the fossil fuel alternative but not affecting the LBG. 

A plant-owner required a direct policy support of 32–38 EUR/MWh 
for an investment to be profitable in the current-exogenous biomass 
market scenario. The support increased to 36–56 EUR/MWh (13–44%) 
in the iterative-endogenous biomass market scenario. This shows that 
without including a dynamic biomass market model in the calculation, 
the direct policy support required to sustain large-scale biofuel produc-
tion in the future is underestimated. 

Using the perspective of a policymaker, the total policy support cost 
(including both the direct and indirect policy support cost) increased from 
38 to 50 EUR/MWh in the current-exogenous biomass market scenario to 
45–61 EUR/MWh in the iterative-endogenous scenario. Among the bio-
fuel demand scenarios, the increase in total policy support cost was 
substantially greater for the 8 TWh/a scenario than for the 4 TWh/a 
alternative. 

Technology configurations A and B resulted in a lower direct policy 
support cost compared to technology configuration C, which would 
make these configurations appear more favourable from the perspective 
of a policymaker focused on direct costs only. However, ignoring indirect 
policy support cost when analysing technology configurations can lead to 
policies that misestimate the full magnitude of the required support. 

Technology configuration C resulted in the lowest total policy sup-
port cost where the indirect policy support cost also became negative. This 
is explained by the direct policy support cost being calculated for a spe-
cific sawmill size (250 000 m3 annual production of sawn wood). 
Meanwhile, the indirect policy support cost was based on the total system 
supply cost, which is an average system cost that also includes larger 
sawmills. Given the large LBG production capacity of technology 
configuration C, the benefits of heat integration with the host sawmill 
are small. However, benefits can be improved by integration with larger 
sawmills, see [2]. In summary, the results in Fig. 6 show that the policy 
support should be developed to consider the total policy support cost, 
and should encourage the plant-owners to invest in technologies with 
the lowest total system supply cost, rather than the lowest direct production 
cost. 

3.4. Implications from using the framework 

Compared to traditional techno-economic approaches for evaluating 
different biofuel production technologies (e.g. plant-level, and supply 
chain evaluations), the use of an iterative framework show partly 
different results regarding technology performance, both from a plant- 
owner and a policymaker perspective. These differences concern both 
how the biomass price impacts the production costs, but also how the 
different technologies integrated into the system affect industries 
competing for the biomass resources. 

Comparatively examining the economic performance under the 
current-exogenous and iterative-endogenous biomass market scenarios 
highlight how biomass price changes affect the economic performance 
of the biofuel production technologies. Such a comparison can help 
reduce the uncertainty surrounding the long-term economic perfor-
mance of a technology for a plant-owner. For policymakers, it can 
indicate the policy support levels necessary for constructing the first 
profitable plant, and to sustain large-scale production. In this work, the 
policy support levels were calculated as direct support per unit of pro-
duced biofuel. However, when developing policy support mechanisms, 
the policymaker also needs to consider how other industries are affected 
by the introduction of that policy support. The studied system in this 
work resulted in decreased production of pellets as the primary feed-
stock (sawdust) was instead used for LBG production. Pellets are mainly 
used for combustion purposes where it would be comparatively easy to 
change to other biomass feedstocks, compared with use-cases for LBG, 
which currently use LNG. 

The results highlight the differences in the cost for the technology 
configurations when applying a plant-owner or a policymaker perspec-
tive and show that a technology configuration favoured by one is not 
necessarily favoured by the other. It is therefore important to consider 
the indirect costs of technologies when developing policy support to 
favour technologies with a low total system cost. 

4. Conclusions 

The introduction of large-scale biofuel production will impact both 
biomass prices and production at other biomass-consuming industries. 
Our results show that profitable investments in the production of liq-
uefied biomethane (LBG) integrated with sawmills would require a 
policy support level in the range of 32–38 EUR/MWh under current 
(2016) biomass market conditions. When also explicitly considering the 
biomass market impacts from the introduction of large-scale forest- 
based biofuel production, the necessary policy support increases by 
13–44%. This shows that excluding these market impacts would result in 
substantial underestimation of the policy support level necessary to 
maintain a large-scale biofuel production, while it still can be sufficient 
to enable the first investments. Traditional scenario- or sensitivity-based 
analysis can identify the impact of market price changes on the eco-
nomic performance of a technology but it neglects the endogenous price 
impact from large-scale deployment of that specific technology. 

The use of a framework such as the one applied in this work expli-
cates the additional system cost from the large-scale implementation of a 
biofuel production technology. It can thus be used to identify not only 
the additional support needed to enable a profitable first-of-a-kind 
production facility, but also the support necessary to maintain sizeable 
biofuel production. The solutions with the lowest direct cost for the 
plant-owner are not necessarily the same as those preferred by a poli-
cymaker owing to the occurrence of indirect costs. These indirect costs 
need to be considered when developing policy support in order to pro-
mote technologies with a low total system cost. 
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Appendix A. Market model calibration 

SFSTM II was calibrated using market data from 2016 (forest industry production levels, biomass prices, and harvesting volumes). The 2016 input 
was used as a reference to the model when generating the current state of the biomass market via the model’s demand and supply functions. If a model 
is a perfect mirror of the real market and there no market inefficiencies exist in the real market, the calibrated model will generate market prices and 
flows of biomass products equal to observed data. However, since a model is a simplification of reality, data shortages exist and the actual market 
complexity goes beyond perfect competition, deviations between observed market prices and simulated markets prices are expected. Nevertheless, it is 
of interest to understand these deviations to understand possible impacts on the simulated market scenarios. 

Table A1 and Table A2 summarise observed biomass price data from 2016 used for calibrating SFSTM II, and the calibrated biomass price data from 
the SFSTM II constituting the current-exogenous biomass market scenario.  

Table A1 
2016 biomass prices used for calibrating the SFSTM II model and the calibrated biomass prices from SFSTM II constituting the current-exogenous biomass market 
scenario.    

Biomass prices [EUR/MWhLHV]   

Observed data (year 2016) Calibrated data (Current-exogenous) 
Sawlogs Average sawlogs  21.3 

Pine 22.0 18.1 
Spruce 25.0 23.3 
Non-Coniferous 21.6 14.4 

Pulpwood Average pulpwood  10.7 
Pine 12.8 10.8 
Spruce 12.2 10.5 
Non-Coniferous 13.5 11.2 

Industrial by-products Average industrial by-products  3.6 
Dust 24.5 3.6 
Bark 11.0 3.3 

Tops and branches 17.1 17.1 
Wood chips 18.7 9.4 
Pellets 25.7 19.4   

Table A2 
Forest industry production levels for 2016, and the current-exogenous biomass market scenario, aggregated on the product category.   

Observed data (year 2016) Calibrated data (Current-exogenous) Unit 

Chemical pulp 7.81 8.2 million tonnes/a 
Mechanical pulp 3.85 3.6 million tonnes/a 
Sawn wood* 17.22 18.0 million m3/a 
Pellets 1.8 1.1 million tonnes/a  
* Total for pine, spruce, and non-coniferous wood. 

Overall, the simulated market prices and biomass supply were approximately the same as the observed data. Some deviations were however 
notable: the price of non-coniferous sawlogs and the prices of forest industry by-products (sawdust, bark and wood chips). The difference suggests that 
the model is not representing all the segments in the market that form forest biomass product prices, i.e., some demands and/or supplies of biomass 
products are not represented in the model. Though this is an expected outcome given the partial equilibrium model approach (model boundaries are 
imposed) and non-perfect data, these differences need to be well understood to ensure model reliability. 

Sawn wood is typically produced from spruce and pine, but occasionally also from non-coniferous species (less than 1% of all sawn wood pro-
duction in Sweden). The calibrated price was roughly 70% of the actual market price. Since the supply, demand and trade of non-coniferous sawlogs 
are small and they can be substituted with other sawlog species, the model price formation of non-coniferous sawlogs is sensitive to small changes in 
the observed data. Since this tree species constitute a small share of total sawn wood production, this price deviation observed in Table A1 is not likely 
to introduce any considerable model biases. 

Due to unobserved by-product demand in SFSTM II, forest industry by-product prices are lower in the calibrated scenario, compared to observed 
prices. However, since all by-product prices are lower, and previous scenario analyses using SFSTM II show that by-product prices rise as expected 
when demand pressure increases, there is no reason to suspect structural biases caused by the initial price deviation. For a more extended discussion on 
this topic, a more detailed description of the model calibration, as well as a discussion on data source uncertainties (harvesting levels, errors in the 
actual reported prices, and errors in the imported volumes) the reader is referred to [13,30,53]. 
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15 (Swedish), Skogsstyrelsen, 2015. 

[42] R. Lundmark, D. Athanassiadis, E. Wetterlund, Supply assessment of forest biomass 
– a bottom-up approach for Sweden, Biomass Bioenergy 75 (2015) 213–226, 
https://doi.org/10.1016/j.biombioe.2015.02.022. 

[43] S. de Jong, R. Hoefnagels, E. Wetterlund, K. Pettersson, A. Faaij, M. Junginger, Cost 
optimization of biofuel production – the impact of scale, integration, transport and 
supply chain configurations, Appl. Energy 195 (2017) 1055–1070, https://doi.org/ 
10.1016/j.apenergy.2017.03.109. 

[44] SFA, Prices on Roundwood in, Sveriges Officiella Statistik, 2017 [Rundvirkespriser 
2017, in swedish]. 

[45] SFA, Bruttoavverkning (Transl. Gross Harvest), Milj. M3 Efter Region, Swedish 
Forest Agency, Skogsstyrelsen, 2018. https://www.skogsstyrelsen.se/statistik/stat 
istikdatabas. 

[46] FAO Statistics, The Food and Agriculture Organization, FAO, 2018. http://www.fa 
o.org/faostat/en/. 

[47] Nordpool, Historical Market Data - Elspot Prices 2016, 2018 accessed, htt 
p://www.nordpoolspot.com/historical-market-data/. (Accessed 23 May 2019). 

[48] SCB, Energy Prices on Natural Gas and Electricity, Statistics Sweden, 2019. Prices 
on electricity for industrial consumers 2007-, https://www.scb.se/en/finding-st 
atistics/statistics-by-subject-area/energy/price-trends-in-the-energy-sect 
or/energy-prices-on-natural-gas-and-electricity/. 

[49] Swedish Energy Agency, Wood Fuel- and Peat Prices, Statistics Sweden Eskilstuna, 
2016. 

[50] Swedish Pellet Association, Statistikrapport (Statistical Report), Linköping, 2017. 
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Abstract

Uncertain and unstable policy support has often been claimed to be a major
cause of the slower than expected deployment of technologies for production
of advanced biofuels. We investigate the economic rationale of this claim by
applying a real options framework incorporating uncertainties regarding energy
prices, investment costs, and prevalence of policy support, which was linked to
the greenhouse gas (GHG) performance of the produced biofuel. Six industri-
ally relevant forest-based technologies for production of drop-in biofuels were
evaluated. The technologies were integrated with a pulp mill and an oil refinery
and are at different stages of their technical development. The results show that
there is a limited economic rationale behind the claim that policy uncertainties
are a major source for the stalled deployment of forest-based biorefinery tech-
nologies. Rather, the stalled deployment is mainly related to the uncertainties
regarding investment costs and future energy prices, resulting in technologies
with lower sensitivity with respect to these uncertainties have a larger chance
of becoming commercially relevant investment options. If policy support is in-
tended to promote investment in technologies with high GHG performance, it
must be directed specifically to these technologies, otherwise, it is more bene-
ficial to invest in technologies with more favourable conditions for investment
and operational costs, but lower GHG performance.

Keywords: Real options; Drop-in biofuels, Pulp mill, Integration, Uncertainty
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FCC fluidised catalytic cracking

GHG greenhouse gas

HDO hydrodeoxygenation

Hydropyr catalytic hydropyrolysis-hydroconversion

LPG liquefied petroleum gas

LSH lignin separation-hydrotreatment with natural gas derived hydrogen

LSH-E lignin separation-hydrotreatment with electrolysis derived hydrogen

Pyr-FCC fast pyrolysis with upgrading via fluidised catalytic cracking

Pyr-HDO fast pyrolysis with upgrading via hydrodeoxygenation

RED Renewable Energy Directive (2009/28/EC)

RED II Revised Renewable Energy Directive (2018/2001/EU)

TRL technology readiness level

1. Introduction1

Biorefineries have been highlighted as a key to reach fossil fuel reduction2

targets as they have the potential to produce both upgraded biofuels, as well as3

chemicals and materials (Fulton et al., 2015; Connolly et al., 2014). However,4

concerns have been raised regarding land-use change, competition for food crops,5

and greenhouse gas (GHG) mitigation potential (Stattman et al., 2018; Ziegler,6

2008), making it important that the biomass feedstock is sustainably sourced.7

To address these concerns the EU Renewable Energy Directive (2009/28/EC)8

(RED) was introduced setting a target for use of biofuels, specified a minimum9

GHG performance for the biofuels, and prohibited the use of sensitive land areas10

and capped the use of agricultural crops for biomass feedstock sourcing (Euro-11

pean Commission, 2009). However, the directive failed at promoting biofuels12

with higher environmental performance (Stattman et al., 2018). The Revised13

Renewable Energy Directive (2018/2001/EU) (RED II) introduced to partly14

address sustainability concerns with previous legislation with higher targets for15

sustainability, where for example usage of waste and residues are promoted (Par-16

liament and Council of the European Union, 2018; Mai-Moulin et al., 2021),17

encouraging the development of advanced biofuels (Stattman et al., 2018).18

Although there have been some deployments of biorefineries in the EU, a19

majority of projects are based on so-called first-generation feedstock (such as20

2



sugars and starch), and few are based on second generation feedstock (such as21

forest residues) (Hassan et al., 2019). The hitherto slow deployment and un-22

derdeveloped production capacity of second-generation biorefineries have been23

accredited to low energy prices, uncertain market conditions, and lack of long-24

term stable legislation (European Commission et al., 2018; Fallde et al., 2017;25

European Commission et al., 2017). The uncertainty of future policy condi-26

tions, in particular, has been highlighted in previous research as a major point27

that must be addressed to facilitate an environment where new biorefinery tech-28

nologies can be deployed (Palgan and McCormick, 2016; Hellsmark et al., 2016;29

Huenteler et al., 2014), as the current energy and environmental policy landscape30

is neither long-term nor predictable (Näyhä and Pesonen, 2012). However, while31

this could be the main reason for industrial actors being unwilling to invest, it32

is not necessarily true from an economic rationale point of view.33

Using traditional discounted cash flow analysis to analyse investments usu-34

ally constitutes a "now or never" approach (Gazheli and van den Bergh, 2018)35

since the investor does not have the option to adapt their investment strat-36

egy in face of future uncertainties. This approach may thus be unsuitable for37

investment analysis that includes time-based uncertainties. By instead using38

real options analysis for the economic evaluation, inclusion of the value of the39

decision-makers flexibility to adapt, postpone or abandon the investment in re-40

spect to changing market conditions is enabled (Trigeorgis, 1996). This means41

that if the investment decision has been made, the option of waiting for more42

information regarding the market development is forfeited (Dixit et al., 1994),43

which creates an opportunity cost associated with the investment decision. Al-44

though real options analysis has been suggested as a complementary tool to45

discounted cash flow, its usage within the industry has been limited, which can46

be explained by that it constitutes a more problem-specific tool that requires47

more advanced mathematics (Sandahl and Sjögren, 2003).48

For the case of evaluation of biorefinery technologies, also academic appli-49

cation of real options analysis has to date been relatively limited. Real options50

analyses of biofuel projects have shown that the risk of policy shift can induce51

both a postponement and a speedup of the investment decision, depending on52

the direction of the change (Liu et al., 2018; Hassett and Metcalf, 1999). How-53

ever, it is not only policy support that is uncertain, but also other factors which54

can result in postponed investment, such as future energy market prices (Li55

et al., 2015). The future market uncertainties can result in that a significantly56

higher biofuel selling price is required, compared to the breakeven biofuel selling57

price, for the investment to be economically rational according to real options58

theory (McCarty and Sesmero, 2015). This can partly be mitigated with a flexi-59

ble production strategy, which can result in improved economic performance due60

to uncertainties in biofuel selling price (Ghoddusi, 2017). In order to properly61

examine if there is an economically rational argument that policy uncertainty62

is the main contributor to the lack of investments in advanced biofuel pro-63

duction technologies, it is crucial to also investigate how emerging biorefinery64

technologies are affected by the interactions between policy and energy market65

uncertainties. To the best of our knowledge, previous work has to date not yet66

3



explored these interactions.67

To investigate the validity of the claim that policy uncertainty is a major68

hindrance to the deployment of biorefinery technologies, we here develop and69

apply a real options framework. The real options framework incorporates the70

option for a given decision-maker (investor or plant-owner) to postpone a biore-71

finery investment in face of future market uncertainties and interactions between72

policy support level and policy uncertainty. Additional objectives of this work73

are to identify how investment cost uncertainties affect the technologies, and74

to assess how policy price and policy uncertainty affect early GHG emissions75

reduction.76

The developed real options framework is applied to a case study for Swedish77

market conditions. Sweden is chosen as a case study because of its high supply78

potential of residual biomass (de Jong et al., 2017; Hamelin et al., 2019), and79

well-developed biomass markets which are a result of the large presence of tra-80

ditional forest industry (i.e., sawmills, and pulp and paper mills). In addition,81

the recent introduction of a reduction obligation in Sweden can be expected to82

create both a market for blend-in biofuels, and a biofuel market price which83

is contingent on the fuel’s GHG performance (Furusjö and Lundgren, 2017).84

The reduction obligation, a policy support mechanism that targets biofuels in85

the Swedish road transport sector, enforces a penalty if a fuel supplier fails to86

meet GHG emission reduction targets via blend-in of biofuels (Swedish energy87

agency, 2019). While this mechanism is aimed at promoting biofuels with high88

GHG performance, it is also subject to the uncertainty that the policy support89

will disappear. Finally, Sweden has seen significant interest from industrial90

actors with several promising ongoing research and development projects for91

biorefinery technologies at different technology readiness level (TRL). Particu-92

lar interest is placed on technologies that combine integration with pulp and93

paper mills and oil refineries for the production of drop-in biofuels (Jafri et al.,94

2019a,b), which enables benefits regarding both heat and material integration,95

and utilisation of already existing industrial infrastructure.96

The paper is structured as follows: Firstly, the investigated technologies are97

presented in section 2. This is followed by a description of the developed real98

options framework in section 3.1, and the input data and methods to calculate99

input data in section 3.2 - 3.6. Section 3.7 summarises the evaluated scenarios100

and the key performance indicators used for the evaluation. The results are101

presented for simulated prices and investment costs in section 4.1, and the the102

results according to the investment strategy from the real options framework103

are presented in section 4.2 - 4.4, followed by overall conclusions in section 5.104

2. Technology descriptions105

The chosen technologies represent a selection of industrially relevant tech-106

nologies for the production of advanced drop-in biofuels. The technologies are107

integrated with pulp mills and oil refineries in order to be able to benefit from108

both heat and material integration, and to enable the use of existing infrastruc-109
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ture to produce transport range fuels. The feedstocks are either based on forest110

residues, or black liquor (a by-product in the kraft pulping process).111

The technologies included in the study are summarised in table 1, with their112

respective average TRL, used to adjust the literature assessed investment cost,113

see section 3.5. A summary of the assessed TRL of each processing step in the114

technologies is found in Appendix A.115

Table 1: Outline of technologies included in study.

Feedstock Technology
Average
TRL1 Abbreviation

Lignin separation-hydrotreatment with
natural gas derived hydrogen

5.2 LSH

Black liquor Lignin separation-hydrotreatment with
electrolysis derived hydrogen

5.0 LSH-E

Back liquor gasification-catalytic syn-
thesis

7.0 BLG

Fast pyrolysis with upgrading via hy-
drodeoxygenation

6.0 Pyr-HDO

Forest residues Fast pyrolysis with upgrading via flu-
idised catalytic cracking

6.5 Pyr-FCC

Catalytic hydropyrolysis-
hydroconversion

4.8 Hydropyr

1For details on TRL-level of each specific processing step, see Appendix A.

2.1. Black liquor-based technologies116

Black liquor is a lignin-rich by-product from the kraft pulping process, which117

currently is combusted in a recovery boiler for the production of process steam118

and recovery of the pulping chemicals. In the black liquor-based biofuel produc-119

tion pathways considered here, a part-stream of the black liquor is diverted from120

the flow to the recovery boiler to be used as feedstock for biofuel production. In121

this way, a pulp mill can increase the pulp production capacity if the recovery122

boiler is otherwise a bottleneck in the production1. The two technology options123

examined in this work are lignin separation followed by hydrotreatment (LSH124

and LSH-E), and black liquor gasification followed by catalytic synthesis (BLG).125

In the two LSH pathways, the lignin is separated from the black liquor and used126

as feedstock for the biofuel production, while BLG utilises the pure black liquor127

directly as feedstock.128

1No economic consideration is received from value creation from eventual debottlenecking
of pulp production.
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2.1.1. Seperation-hydrotreatment129

The lignin is membrane-separated from the black liquor, returning the pulp-130

ing chemicals to the pulp mill (Anheden et al., 2017). The separated lignin is131

purified and stabilised in the form of lignin oil before it is sent to the oil re-132

finery, where it is hydrotreated and upgraded to diesel and petrol (Suncarbon133

AB, 2020). The technology has relatively low technological maturity and oper-134

ational experience, compared to fast pyrolysis and BLG (Anheden et al., 2017),135

but benefits from not requiring facilities with high production capacity to be136

profitable, due to low specific investment cost (Jafri et al., 2019b).137

The source of hydrogen will heavily influence the GHG performance of the138

process, and two options for the technology are studied. The first option con-139

siders that the hydrogen is produced at the refinery from natural gas, LSH,140

while the second option considers the investment in an electrolyser to produce141

hydrogen from electricity and water, LSH-E.142

2.1.2. Gasification-catalytic synthesis143

The pure black liquor is gasified in an entrained flow gasifier to produce144

syngas and green liquor, where the latter contains the pulping chemicals and145

is returned to the pulp mill. The syngas is synthesised to methanol which is146

transported to the oil refinery, where it is upgraded to the main product petrol,147

with some co-production of LPG, via the methanol-to-gasoline process.148

The gasification of black liquor has been demonstrated as a viable route to149

simultaneously produce biofuels and recover pulping chemicals, and has been150

successfully demonstrated in pilot-scale (Landälv et al., 2014). The pathway151

has a relatively high TRL and has been suggested to be economically favourable152

(Akbari et al., 2018; Andersson et al., 2016). Although BLG has a relatively153

high TRL, it is also associated with a relatively high specific investment cost.154

2.2. Forest residues-based technologies155

The technologies relying on forest residues as feedstock are based on fast py-156

rolysis (Pyr-HDO and Pyr-FCC) and catalytic hydropyrolysis-hydroconversion157

(Hydropyr), respectively. In these pathways, forest residues are converted to158

pyrolysis liquids, which are subsequently upgraded to petrol and diesel blends.159

The pyrolysis step is integrated with a pulp mill and the upgrading takes place160

at an oil refinery. While the pyrolysis pathways do not necessarily have to be161

integrated with pulp mills, this design was selected in order to make the supply162

chains directly comparable with the black liquor-based pathways. Additionally,163

heat integration with pulp mills has been shown to be economically favourable164

(Zetterholm et al., 2018), and the integration can provide benefits in terms of165

logistics and know-how from the experience of the pulp mill in operating large-166

scale biomass supply chains2.167

2No economic benefit from this is considered in this work, as the benefit is difficult to
quantify.
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2.2.1. Fast pyrolysis168

The fast pyrolysis facility is heat integrated at the pulp mill and forest169

residues are imported as feedstock to produce pyrolysis liquids, which is subse-170

quently transported to the oil refinery for upgrading to diesel and petrol. The171

fast pyrolysis technology is at a relatively high TRL (Anheden et al., 2017).172

Several technology options for upgrading the pyrolysis liquids into diesel and173

petrol have been previously investigated (Sorunmu et al., 2020), of which this174

work includes two options: hydrodeoxygenation (HDO), and fluidised catalytic175

cracking (FCC), respectively.176

Using the HDO upgrading pathway, the pyrolysis liquids undergo conversion177

in a two-step catalytic hydrodeoxygenation process, followed by hydrocracking178

to petrol and diesel. The upgrading of pyrolysis liquids to transport fuels has179

been subject to significant research (Zacher et al., 2014) but operational data180

from long-term/sustained pilot demonstration is not widely available in the181

scientific literature. In the FCC upgrading pathway, the pyrolysis liquids are182

co-processed with fossil feedstock in the FCC unit at the refinery to produce183

diesel and petrol (Pinho et al., 2017). Compared to the HDO pathway, the FCC184

upgrading of pyrolysis liquids has significant lower hydrogen requirements. It185

should, however, be noted that the technical limit of blended-in pyrolysis liquids186

in the fossil feedstock amounts to a maximum of 10wt% percent (Pinho et al.,187

2017).188

2.2.2. Hydropyrolysis189

The catalytic hydropyrolysis-hydroconversion facility also is heat integrated190

with the pulp mill. In this pathway, forest residues are imported as feedstock191

to the pulp mill to directly produce unrefined diesel and petrol, which is trans-192

ported to the oil refinery for blending and final upgrading. While the technology193

is currently at a low TRL (Jafri et al., 2019b), it has a major advantage compared194

to the other pyrolysis-based technologies in that the deoxygenation is occurring195

directly within the hydropyrolysis process (Dabros et al., 2018; Marker et al.,196

2013). This results in a low requirement of integration at the oil refinery. A197

majority of the product is petrol (also true for the BLG pathway), which could198

make it interesting for future drop-in biofuel markets, which otherwise typically199

are dominated by diesel type fuels, as well as in future scenarios with relatively200

high petrol prices compared to diesel.201

3. Methods and data202

Fundamental for the real options framework developed and applied for this203

study is that the decision-maker (investor or plant-owner) has the option to (1)204

invest now, (2) postpone the investment decision, or (3) decide not to invest205

(section 3.1). The framework was implemented using Monte-Carlo simulations206

to simulate future uncertain market conditions. Future energy prices were sim-207

ulated assuming a Geometric Brownian motion (section 3.2), policy uncertainty208

was simulated assuming a Poisson jump process (section 3.3), the GHG foot-209

print of the technologies was assessed using two methods (section 3.4), and the210
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TRL-adjusted investment costs were based on an empirically developed correla-211

tion between projected and actual investment costs in pioneering process plants212

(section 3.5). The developed real options framework was applied and evaluated213

based on various performance indicators, as presented in section 3.7.214

The model was implemented in Python (Millman and Aivazis, 2011) relying215

on Numpy (Harris et al., 2020) and Pandas (McKinney et al., 2011, 2010) for216

improved maths and data handling functionality, and Matplotlib (Hunter, 2007)217

and Seaborn (Waskom et al., 2020) for visualisations.218

3.1. Real options framework219

In our real options framework, the investor is in each time-step (set to 1220

year) of each specific simulation faced with the decision options to either invest221

directly, or postpone the investment decision to the following time-step. This222

is iterated for each time-step until the end of the investment horizon (set to 10223

years) where the investor no longer has the option of postponing the investment224

decision and instead is faced with the decision to either invest immediately or225

abandon the investment. The end of the investment horizon thus represents the226

end of the viability to invest in the selected technologies.227

The investment decision is based on the expected net present value (E[NPV ]),228

calculated from the known investment cost in the specific simulation (the TRL-229

adjusted investment cost), the energy balance of the technology, and the ex-230

pected future energy prices. If the expected net present value is equal to or231

greater than the value to postpone the investment (Waitvalue), the investment232

is made, and the investor no longer has the option to invest in a later time step.233

The decisions follow the rules:234

t < 10

{
E[NPV ]n,t > Waitvaluen,t invest
E[NPV ]n,t ≤Waitvaluen,t postpone

t = 10

{
E[NPV ]n,10 ≥ 0 invest
E[NPV ]n,10 < 0 abandon

The Waitvalue for each specific simulation was calculated according to:235

Waitvaluen,t =

(∑N
nw=1 (max (E[NPV ]nw,t+1, 0))

)

N(1 + r)
(1)

where N is the total number of (nested) simulations, n is the specific Monte236

Carlo simulation where the Waitvalue is compared against the expected NPV237

(E[NPV ]n,t). nw is a specific (nested) simulation used to represent the stochas-238

tic nature of the possible future developments to determine the waitvalue for239

scenario n, t is the current time-step, E[NPV ] is the expected net present240

value, and r is the discount rate. For each specific scenario n, there are thus N241

simulations to determine the waitvalue.242

In total, the real options framework utilised 2500 Monte-Carlo simulations,243

and the calculation of the waitwalue utilised 2500 (nested) Monte Carlo simu-244

lations.245
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Figure 1: Historic price series based on the lower heating value.

3.2. Energy prices246

Future energy prices were simulated assuming that they follow a Geometric247

Brownian motion, which has also previously been applied to simulate future248

energy prices (De Giovanni and Massabò, 2018; Li et al., 2015). The price in249

time-step t was calculated from:250

Pt = Pt−1(1 + µdt+ σdW ) (2)

where t is the current time-step, P the price, µ the drift, dt the size of251

the time-step, σ the volatility, and dW the increment of a standard Wiener252

process. At any specific time-step and scenario where the decision maker knows253

the current prices P0,n, the expected future prices at time-step t, E[Pt], can be254

calculated as described by Murto (2007):255

E[Pt] = P0e
µt (3)

3.2.1. Energy price data256

The future energy prices were simulated using equation 2 which relies on the257

parameters describing the energy price drift (describing long-term price trends),258

and the price volatility (random price disturbances). The parameters used to259

simulate future energy prices are shown in table 2, and the historic prices used260

to estimate these parameters in figure 1.261

3.3. Policy support262

Two components of the policy support were considered; the risk of policy263

switching (policy uncertainty), and the future price for the GHG emission per-264

formance of the biofuel (policy price).265
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Table 2: Estimated parameters describing future commodity prices.

Initial price1 Drift Volatility

Commodity P0 µ σ Source

Biomass 19.3 0.0166 0.00408 (Swedish Energy Agency, 2020)
Electricity2 30.1 0 0.147 (Nordpool, 2018)
Natural gas 36.7 0.0257 0.0155 (SCB, 2019)
Hydrogen3 58.8 0.0257 0.0155 –
Diesel 64.7 0.0498 0.0360 (European Commission, 2019)
Petrol 49.2 0.0305 0.0258 (European Commission, 2019)
1EUR/MWhLHV

2The drift for the electricity price was assumed to 0, as the price
development has historically been governed by the volatility. 3Initial price for hydrogen
was calculated as a factor 1.6 larger than the price for natural gas (Jafri et al., 2019b)
and the drift and volatility was assumed the same as for natural gas.

As the recently introduced reduction obligation has been implemented with266

a penalty if the fuel supplier fails to fulfil the reduction obligation, it is natu-267

ral to assume that a market will develop which depends on the GHG emission268

reduction potential of the biofuel in comparison with the emissions of the cor-269

responding fossil fuel. The price of the biofuel will thus be dependent on the270

simulated price of the fossil alternative, and the market price for GHG emission271

reduction, where the latter constitutes the policy price. The market price of the272

blend-in biofuel, Pblend−in, was calculated according to:273

Pblend−in = Pfossil + PGHG−reduction · (GHGbiofuel −GHGfossil) (4)

where Pfossil is the simulated fossil fuel price, PGHG−reduction the policy274

price, GHGbiofuel the GHG footprint of the biofuel, and GHGfossil the GHG275

footprint of the fossil counterpart.276

The risk of policy switching, the policy uncertainty, was simulated assuming277

a Poisson jump process, see for example (Hassett and Metcalf, 1999; Liu et al.,278

2018). This is in line with the actual tax policy behaviour, which gives an279

expected duration, but not the actual duration, of a tax policy (Hassett and280

Metcalf, 1999). For each time-step, there is a probability that policy switching281

will occur to the following time-step. Policy switching means that if the policy282

support exists, it can be removed, or, if the policy support is not in effect, it283

can be implemented.284

In our framework, the policy scenarios are described by both the policy price,285

which is implemented as a fixed price for the GHG emission reduction compared286

with the fossil reference for each scenario, and the policy uncertainty, which is287

implemented as a probability (in percent) that there will be a policy switching288

in the following year.289
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3.3.1. Policy price data290

It is to date unknown how the future market for biofuels will develop given291

the reduction obligation. However, the price for the GHG emission performance292

of the biofuels will not exceed that of the set penalty for failing to meet the blend-293

in requirements, which currently amounts to 660 EUR/ton CO2-equivalent3.294

Given the option to purchase a biofuel with a GHG emission reduction cost295

lower than the penalty, that biofuel would likely be purchased. The result296

would be a market price for the GHG emission reduction potential which would297

be lower than the penalty.298

The question is thus how the market for biofuels will develop in the fu-299

ture. Firstly, we can compare with the historic prices in the EU Emissions300

Trading System (EU ETS), which have been in the range of 5–30 EUR/ton301

CO2-equivalent. Next, we can also compare with the current CO2 tax in Swe-302

den, which affects heat-generating facilities not included in the EU-ETS trad-303

ing scheme, and which amounts to 105 EUR/ton CO2-equivalent(World Bank,304

2020).305

Given the uncertainties of the future CO2 price, we varied the policy price306

in the simulations with a CO2 price of 0–700 EUR/ton CO2-equivalent (using307

50 EUR/ton increments). The higher end of the range thus represents a failure308

of the market to deliver biofuels with a lower price for the GHG emission reduc-309

tion potential, compared with the set penalty for failing to meet the blend-in310

requirements.311

3.3.2. Policy uncertainty data312

The policy uncertainty, expressed as a probability of a policy switching in313

the following year, was varied from 0–45% in 5% increments. The 0% scenario314

means that there exists no uncertainty and that the policy support is active315

during the entire time horizon. In reality, it would not be possible to achieve a316

0% uncertainty, as policy support is dependent on political support. The upper317

limit of 45% uncertainty was set based on observed policy switching for biofuel318

tax exemptions in the US, which amounted to 44% between 2005–2017 (Liu319

et al., 2018).320

3.4. GHG footprint evaluation321

We applied two different approaches for expressing the GHG footprint. Firstly,322

we applied a simplified approach based on the RED guidelines (European Com-323

mission, 2009). Secondly, we also applied an approach based on system expan-324

sion as described in ISO-14044 (ISO, 2006). The reason for complementing with325

the ISO-14044 approach (hereafter termed simply ISO) is that the RED guide-326

lines prohibit the allocation of emissions to heat co-products, and thus fails to327

capture the benefits of heat integration, where heat replaces or reduces the need328

for another primary fuel.329

37 SEK/kg CO2-equivalent (Drivmedelslagen, (2011:319, 27 §), converted with
10.6 SEK/EUR (average of 2019) (European Central Bank, 2020)
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The GHG footprints for the different technologies are shown together with330

the fossil fuel reference emissions in table 3. The fossil fuel references are based331

on the share of each biofuel produced, as they will replace different fossil alter-332

natives; petrol, diesel, and natural gas4, with reference emissions of 93.5, 95.5,333

and 67.0 g CO2-equivalent/MJ, respectively.334

Table 3: GHG footprint (g CO2-equivalent/MJ fuel) for each biofuel production technology,
according to the two applied approaches, and the reference emission for the corresponding
replaced fossil fuel or fossil fuel mix.

LSH LSH-E BLG Pyr-HDO Pyr-FCC Hydropyr

RED 30.6 -28.9 8.9 31.0 14.7 6.7
ISO 7.0 -52.5 6.0 1.1 -33.7 6.7
Ref emission 95.5 95.5 90.8 94.6 94.9 94.1

3.5. TRL-adjusted investment costs335

Projected investment costs are rarely the same as the final investment cost,336

once a project is completed. This was observed in the seminal work by the337

RAND-corporation which investigated the correlation between projected invest-338

ment costs and final costs in various investments in industrial facilities (Merrow339

et al., 1981). In general, it was concluded that a larger share of commercially340

unproven technologies (e.g. a lower TRL), and a less inclusive initial cost esti-341

mate resulted in both a higher cost increase and a wider spread of the possible342

final investment cost, as illustrated in figure 2.343

Investment cost

Pr
ob

ab
ilit

y

Projected cost
High TRL, inclusive cost estimate
Low TRL, rough cost estimate

Figure 2: Generic illustration of the correlation between projected investment, and final in-
vestment cost depending on the technology readiness level.

To compensate for this effect, we employed the empirically derived equation344

from Merrow et al. (1981) to adjust the investment cost depending on the TRL345

of the technology. Equation 5 was used to obtain a value of the cost growth346

factor, which was in the next step multiplied with the technology investment347

4the produced green LPG was assumed to replace fossil natural gas as they have historically
been correlated prices
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cost as assessed in the literature (see section 3.6), to get a likely estimation of348

the investment cost when implemented.349

CostGrowth = Intercept− (b1PctNew − b2Impurities− b3Complexity

−b4Inclusiveness− b5ProjectDefinition)
(5)

where Intercept, b1, b2, b3, b4, and b5 are empirically estimated parameters.350

Intercept = 1.12196, b1 = −0.00297, b2 = −0.02125, b3 = −0.01137, b4 =351

0.00111, and b5 = −0.06361, the standard deviation for the parameters were352

0.083. The definition, range of values, and criteria for each parameter were353

determined as:354

PctNew, 0-100 Defined as the percentage of the total investment cost that355

consists of technologies unproven in commercial scale. In this study, each356

process step with an estimated TRL < 8 was deemed unproven in com-357

mercial scale.358

Impurities, 0-5 Estimate of the difficulties encountered with process impuri-359

ties in the development process.360

Complexity, 1+ The number of processing steps in the plant. Each major361

processing step contributed to the count, and both the integration with362

the pulp mill and the oil refinery were counted as separate steps.363

Inclusiveness, 0-100 Defined against if the items; 1) land costs (property/364

leases/ rentals), 2) initial plant inventory/warehouse parts/catalysts, 3)365

pre-operating personnel costs are included in the cost estimate.366

ProjectDefinition, 2-8 The level of engineering and site-specific information367

included in the estimate.368

The value for the level of engineering was determined from the list:369

1. Design specification370

2. Moderate or extensive study design371

3. Limited study design372

4. Screening study373

Site-specific information was determined as the average value on a four-point374

scale assigned for each item in the list below:375

• On-site and off-site unit configuration376

• Soils and hydrology data377

• Health and safety requirements,378

• Environmental requirements379
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where the values were determined according to:380

1. Definitive or completed work381

2. Preliminary or limited work382

3. Assumed or implicit analysis383

4. Not used in the cost estimate at all384

3.6. Techno-economic input data385

For all technologies, the annual operation and maintenance costs were as-386

sumed to be 4% of the TRL-adjusted investment cost (as described in section387

3.5), the annual operating time 8000 h, the discount rate 15%, and the eco-388

nomic lifetime 20 years. It was also assumed that all technologies, as described389

in this paper, would constitute feasible investments in the defined 10-year in-390

vestment window. After those 10 years, the technologies would either have been391

supplanted by other technologies, or technology development or significant mar-392

ket changes would have occurred, which would make it necessary to alter the393

technology descriptions.394

The total investment costs, as assessed in the literature, at both the pulp395

mill and oil refinery are shown in table 4 together with the estimated parame-396

ters for TRL-adjustment of the investment costs according to equation 5. The397

investment costs were updated to the monetary value year of 2019 using the398

Chemical engineering plant cost index (CEPCI, 2020) and represent first-of-a-399

kind investments. A note on the difference between the cost-structure of LSH400

and LSH-E The difference between these options is that the hydrogen produc-401

tion cost is included in the operational costs for LSH, while it is mainly included402

in the investment cost for LSH-E (apart from the increased electricity usage).403

Additionally, LSH will require investment in additional hydrogen production ca-404

pacity at the refinery if the current production capacity is insufficient, however,405

this cost is not considered.406

The summary of the main energy inputs and outputs for all technologies,407

as integrated with a state-of-the-art market pulp mill are displayed in table 5.408

The numbers are the summary of net changes in energy flows for both the pulp409

mill and oil refinery, including energy carriers replaced by excess heat from the410

biorefinery process, where applicable.411

3.7. Scenario summary and key performance indicators412

The framework was applied for a number of scenarios, defined by a specific413

combination of the varied exogenous parameters for the policy price, policy414

uncertainty, and method used to calculate the GHG footprint, as described in415

the previous sections. In summary, the scenario parameters were defined as and416

varied according to:417

• Policy price - the price for the GHG emission reduction compared to the418

fossil alternative; 0–700 EUR/ton CO2-equivalent in 50 EUR/ton incre-419

ments420
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Table 4: Investment costs from literature and estimated parameters for TRL adjusting the
estimated investment costs, according to section 3.5 and TRL-data in Appendix A. Investment
costs were converted to 2019 monetary value using the Chemical Engineering Plant Cost Index
(CEPCI, 2020).

LSH1 LSH-E1 BLG1 Pyr-HDO2 Pyr-FCC2 Hydropyr2

Spec. inv. cost3 1.8 5.0 2.6 2.3 3.0 2.8
PctNew 80 100 77 90 85 88
Impurities 5 5 1 5 5 5
Complexity 7 7 6 5 4 5
Inclusiveness 100 100 100 100 100 100
ProjectDefinition 6.5 6.5 3.75 6.5 6.5 6.5
CostGrowth4 2.52 2.97 1.48 2.57 2.41 2.53
1Investment cost from Jafri et al. (2020). 2Investment cost from Jafri et al. (2019b).
3Specific investment cost as assessed in the literature. 4Result from equation 5
without standard deviation. Used as multiplying factor with literature assessed
investment cost.

Table 5: Main energy inputs and outputs, MWLHV, derived from (Jafri et al., 2019a, 2020).
Negative are inputs, and positive are outputs. 1

LSH LSH-E BLG Pyr-HDO Pyr-FCC Hydropyr

Electricity -34.8 -129.8 -33.8 1.5 1.5 0.1
Biomass -36.7 -36.7 -65.8 -65.8 -65.9
Hydrogen -71.3 -6.0 -1.8 -0.6
Natural gas2 112.4 112.4 1.7 10.1 -18.2
Biofuel product

Green Diesel 78.8 78.8 7.3 9.0 4.7
Green Petrol 1.4 1.4 40.0 5.9 3.9 12.1
Green LPG 4.6
Additional fossil product

Fossil Petrol 11.8
Fossil Diesel 5.5

1The numbers reflect integration with a state-of-the-art market pulp mill with an
energy surplus. 2Excess heat at the refinery was assumed to replace natural gas, and
is included in the energy balance for natural gas. For more information, see Jafri et al.
(2019a) where excess heat was assumed to replace heavy fuel oil.

• Policy uncertainty - the risk of policy switching; 0–45% in 5% increments.421

• GHG footprint approach - the GHG footprint was expressed both in accor-422
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dance with the Renewable Energy Directive, and with ISO-14044; labelled423

RED and ISO, respectively.424

The key performance indicators used to assess the results for the scenarios,425

and technologies were:426

Investment share: The share of the simulations in a specific scenario where an427

investment occurred. This should be interpreted as the share of simulated428

scenarios in that specific scenario where investment will be economically429

rational for the 10-year investment window.430

Average investment year: The average investment year for all simulations431

within a scenario that resulted in an investment, meaning that all sim-432

ulations where no investment occurred are ignored. An early average433

investment year should be interpreted that there is a high likeliness that434

the technology is favourable for early investment for the given scenario.435

Early emissions reduction: The total GHG emissions reduction compared436

with the fossil reference within the investment window. The early emis-437

sions were calculated according to ISO-14044 regardless of the method438

used to calculate the policy support received (RED or ISO). This was439

chosen as it represents a more "true" description of the changes of CO2440

emissions in the system as it accounts for the benefits from the heat in-441

tegration, which can be substantial for heat integrated technologies. The442

value was calculated as the average of all early emission reductions in443

all simulations for each scenario, including scenarios without investment444

(which consequently has a GHG emission reduction of zero).445

Early emissions reduction cost: The difference between the exogenous pol-446

icy price in the scenario and the policy support cost for the total early447

emissions reduction. This accounts for the difference between the GHG448

footprint calculations according to either RED or ISO, and also for the449

policy uncertainty as it includes data where no policy support is in effect450

(due to policy switching).451

Investment costs resulting in investments: The distributions of the invest-452

ment costs for the simulations resulting in investments is compared with453

the entire simulated investment cost distribution. This will show if the in-454

vestment cost uncertainty is a governing factor for making the technology455

an economically rational investment.456

4. Results and discussion457

The results are presented in four sections. First, section 4.1 provides a sum-458

mary of the simulated TRL-adjusted investment costs and energy prices. Next,459

the impact of uncertainty on the decision of whether to invest or not is pre-460

sented in section 4.2, followed by an analysis of the influence of the investment461
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cost in section 4.3. Results regarding how the promotion of early investments462

impacts early emission reduction and the corresponding cost for the early emis-463

sion reduction are presented in section 4.4. The chapter is concluded with a464

summarising discussion that also includes the study’s limitations, in section 4.5.465

4.1. TRL-adjusted investment costs and future energy prices466

Figure 3 shows the resulting distributions for the simulated specific invest-467

ment costs according to equation 5, compared with the original investment cost468

estimations from the literature. This outlines how the investment costs of the469

different technologies are systematically underestimated, concerning their re-470

spective TRL.471
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Figure 3: The specific investment cost from the literature (dark vertical line) compared to the
resulting simulated TRL-adjusted specific investment costs.

The results from the simulations show that the resulting specific investments472

costs are the lowest for LSH and BLG, with the most probable specific invest-473

ment cost located at 4.5 and 3.8 EUR/MW, respectively. Both technologies474
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have a relatively high TRL (affecting PctNew in equation 5). In addition, LSH475

has a low specific investment cost from the literature, while BLG has both a476

low problem with impurities (affecting Impurities in equation 5) and a high477

level of engineering detail in the cost assessments (affecting ProjectDefinition478

in equation 5).479

For the forest residues-based technologies, the resulting specific investment480

costs with the highest probabilities were 5.9, 7.2, and 7.1 EUR/MW, for Pyr-481

HDO, Pyr-FCC, and Hydropyr, respectively. The technologies are of similar482

TRL and level of detail in the cost assessments as LSH, however, they suffer483

from a higher estimated specific investment cost from the literature.484

The outlier in terms of resulting specific investment cost is LSH-E, with485

a most probable specific investment cost amounting to 15 EUR/MW. This is486

explained by a combination of high specific investment cost from the literature487

due to the need to invest in an electrolyser, and that a majority of the investment488

cost is related to process equipment not tested in commercial-scale (affecting489

PctNew in equation 5). This is again mainly related to the investment in490

the electrolyser, as the same is not true for LSH, which is basically the same491

technology but without the electrolyser. Here, it should be noted that for LSH,492

the natural gas-based hydrogen has been assumed to be imported, and thus the493

investment in methane reforming capacity is not included in the investment cost,494

meaning that a part of the cost component is shifted from capital to operating495

expenses. As a consequence, the absolute specific investment costs of LSH and496

LSH-E are not fully comparable.497

The future simulated energy prices are shown in figure 4, with the average,498

10th and 90th percentile of the simulated future prices plotted, together with499

the price path of one specific scenario as illustration.500

With the simulated future prices some implications from the assumptions501

regarding the future prices should be noted. Diesel and petrol prices have his-502

torically been correlated (see figure 1) with the prices starting to diverge around503

2017. In this work, no future correlations were considered, and while the esti-504

mated drift and volatility are similar, the future prices are independent of each505

other.506

No drift was assumed in the future electricity prices, but it has historically507

been subject to very large price volatility. This resulted in a wide distribution508

in the simulated future prices, meaning that the future market as observed by509

the investor in the real options framework is subject to very high uncertain-510

ties. Similarly, the simulated future prices for the other energy carriers (except511

biomass due to the low historic volatility), display a relatively wide range of512

outcomes, and particularly diesel and petrol show not only a wide distribution513

of future prices but also a high expected price increase compared with current514

prices. It should be remembered that the prices are shown for a 30-year time515

horizon and the final price point is here shown for the year 2050. Conversely,516

the investment horizon considered for the analysis was 10 years.517
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4.2. Investment share and investment timing518

Figure 5 shows the share of the simulations that result in investment, and the519

average investment year for all simulated scenarios (policy uncertainty, policy520

price, and method to calculate GHG footprint). To note is that the result521

includes investments for the entire investment horizon, which also includes the522

investments occurring in year 10, where the investor no longer has the option523

of postponing the investment decision.524

With the current market development, the results show that LSH is a tech-525

nology where it is a high likeliness that the future market conditions will make526

it an economically rational investment choice. This is especially true since it is527

not reliant on any policy support to reach a 60% investment share. Also, BLG528

is a technology of particular interest, albeit reliant on relatively high policy529

prices to achieve economically favourable conditions. If the market, however,530

achieves sufficiently high policy prices, BLG shows both high investment shares531

and favourable results in terms of early investments. For the technologies with532

a low likeliness to achieve favourable economic conditions (LSH-E, Pyr-HDO,533

Pyr-FCC, and Hydropyr), a higher uncertainty leads to a need for very high534

policy prices for investments to occur at all.535

19



0
100
200
300
400
500
600
700

R
ED

 C
O

2 
pr

ic
e

[E
U

R
/to

n]

LSH LSH-E BLG Pyr-HDO Pyr-FCC Hydropyr

0
100
200
300
400
500
600
700

IS
O

 C
O

2 
pr

ic
e

[E
U

R
/to

n]

0
100
200
300
400
500
600
700

R
ED

 C
O

2 
pr

ic
e

[E
U

R
/to

n]

0 15 30 45

0
100
200
300
400
500
600
700

IS
O

 C
O

2 
pr

ic
e

[E
U

R
/to

n]

0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45

0.00

0.25

0.50

0.75

1.00

In
ve

st
m

en
t s

ha
re

0.0

2.5

5.0

7.5

10.0

Av
er

ag
e 

in
ve

st
m

en
t y

ea
r

Policy uncertainty [%]
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year (bottom), per scenario (policy uncertainty, policy price, and method to calculate GHG
performance). Grey = no investment for that particular scenario.
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While LSH reaches a high investment share regardless of the policy price,536

it is reliant on very high policy prices for investments to occur early in the537

investment horizon. Conversely, while BLG is reliant on the policy price to538

achieve significant investment share, once sufficient policy support is in place it539

is likely to achieve early investments.540

Pyr-HDO and Hydropyr would seem to be technologies that are of no inter-541

est due to their low probability of achieving favourable investment conditions.542

However, if the policy price reaches levels where investments are favourable,543

they are likely to achieve investments earlier in the investment horizon. Com-544

pared with the other technologies, they have characteristics that make it less545

favourable to wait for better market conditions, i.e., they have a relatively low546

share of scenarios where investments occur late in the investment window.547

For all technologies, an absence of policy uncertainty (0%) is favourable for548

investments occurring. However, it would be unreasonable to reach a politi-549

cal support system with stable, guaranteed support for a 30-year time horizon.550

While the absence of policy uncertainty (0%) has a positive influence on the551

share of simulations resulting in investments, it consistently results in invest-552

ments occurring later in terms of the average investment year. This can be553

explained by that the investor is guaranteed to receive the policy support, and554

it becomes economically favourable to postpone the investment to wait for better555

market conditions. It is, however, not guaranteed that the specific simulations556

result in better market conditions in the future, it is only more likely.557

When comparing the two approaches for estimating the GHG performance,558

all technologies except Hydropyr were found to benefit from being able to ac-559

count for heat integration benefits in accordance with ISO-14044, regarding the560

required policy price for investments to occur. However, the differences in terms561

of both investment share and investment timing were relatively small. The forest562

residue-based technologies (Pyr-FCC and Pyr-HDO) were the only technologies563

majorly impacted by accounting for their GHG performance using ISO-14440.564

Although the GHG performance is improved in the same magnitude for the565

lignin separation technologies (LSH and LSH-E, see table 3), those technologies566

were not impacted nearly as heavily. For LSH, this is explained by that the567

technology does not rely on the income from the GHG performance to be an568

economically viable alternative, and it is thus only marginally affected by the569

increased income. LSH-E is, conversely, reliant to some extent on the income570

from GHG emission reductions to be economically viable. The simulations re-571

sulting in investment are, however, more sensitive to the investment cost of that572

particular simulation than to the GHG performance.573

4.3. Impact of investment cost on investment decision574

Naturally, not only the policy price and policy uncertainty impact the deci-575

sion whether to invest or not, but also the investment cost and related uncer-576

tainty. This section explores the impact of the investment cost on the investment577

decision. Figure 6 illustrates the specific investment cost distributions over the578

entire simulated range (blue boxes), versus over the simulations that result in a579

positive decision to invest (orange and green boxes, respectively).580
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Figure 6: Simulated specific investment cost distributions, for all simulations, and only simu-
lations where investment has occurred for the RED and ISO GHG-footprint scenario, respec-
tively.
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Examining the figure, the differences between the entire simulated invest-581

ment cost distributions, and the distributions of the simulations resulting in582

investments are significant for all technologies, except for BLG and LSH. This583

small difference in the investment cost distribution further highlights why BLG584

and LSH have significant advantages regarding the probability of investment,585

compared to the other technologies, as they have lower sensitivity to the invest-586

ment cost uncertainties. Since the future actual investment costs can develop587

both towards the lower and the upper ends of the TRL-adjusted investment cost588

ranges, the results show that both BLG and LSH can be viable technologies,589

as they are robust investments even if the future actual investment costs would590

develop towards the higher end of the range.591

The difference in the results depending on the chosen method to calculate the592

GHG footprint had only a major impact on the fast pyrolysis-based technologies.593

They, together with LSH-E were the technologies that were heavily impacted in594

the assessed GHG footprint, depending on the chose method. That LSH-E was595

not impacted in the relation between the specific investment costs depending596

on chosen GHG footprint calculation method shows that the investment costs597

plays have a much larger impact on the economic performance, compared to598

the income from the policy support. Contrasting this result with the results in599

figure 5, which shows that a high CO2-price favours investment, these results600

show that unless the CO2-price is close to the penalty, the investment cost for601

LSH-E must be in the lower range of the simulated investment costs.602

4.4. Avoided early emissions and costs for early emission reduction603

Figure 7 shows the avoided early GHG emissions, (i.e., the total avoided604

emissions within the investment window), as well as the early emissions reduc-605

tion cost (i.e., the difference between the implemented policy price, and the606

resulting policy cost for the avoided early emissions). The resulting early emis-607

sions policy support cost is consequently a measure of the difference between608

the cost of the policy support if it was in effect for the entire investment win-609

dow, and the actual simulated cost of the policy support. This accounts for the610

simulated scenarios where policy switching occurs and the policy support is not611

in effect for the entire investment window.612

Although higher policy support is received when the GHG footprint is cal-613

culated according to ISO instead of RED, the difference in the resulting early614

emissions reduction cost was found to be negligible. This was true irrespective615

if there was a large difference between the GHG performance depending on the616

method used, as for LSH-E, or no difference, as for Hydropyr.617

While a low policy uncertainty (excluding the total absence of uncertainty)618

resulted in a larger share of early investments, a higher policy uncertainty re-619

sulted in a lower cost for early emission reduction. This is mainly due to the620

number of scenarios where investments occur early while the policy support is621

in effect and the policy support disappears at a later date, increases for the622

scenarios with higher policy uncertainty.623
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Figure 7: Average avoided early emissions (emissions occurring in the investment window),
and the difference between implemented policy price and resulting cost for the avoided early
emissions (bottom), per scenario (policy uncertainty, policy price, and method to calculate
GHG performance). Grey = no investment for that particular scenario.

4.5. Summary and study limitations624

While the results lend some credence to the claim that policy uncertainty625

is a major hindrance to investments in biorefinery technology, this was shown626

to primarily be true for technologies that are unlikely to reach favourable in-627

vestment conditions at all (see figure 5). If excluding the scenario devoid of628

policy uncertainty, which is unlikely to be achievable, the validity of the claim629

is weakened further.630

Further, while policy uncertainty indeed was shown to negatively impact the631

total share of investments achieved under the different scenarios, it increases632

the chance for investments to occur early. Generally, the earliest investments633

for the lowest policy prices were achieved at a policy uncertainty of 10–15%634

(meaning that, on average, a policy switch is expected every 6–10th year). Due635

to the mechanisms of the real options framework, the uncertainty contributes636

positively to earlier investments by the virtue of the investor having to invest637

due to a likeliness that the policy support might disappear in the future. For638

higher policy uncertainties, this effect disappears as the likeliness of disappearing639
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policy support is negated by a lower total expected policy support over the entire640

lifetime of the investment.641

Under a reduction obligation mandate which creates a market with a price642

premium for the GHG performance of the biofuel, as investigated here, it was643

shown that it is not necessarily the specific GHG performance that has the644

highest impact on investments occurring. This was made evident by the high645

investment share achieved by the technology with the lowest GHG performance646

(LSH). Rather, the results showed a preference for technologies with low specific647

actual investment cost, as BLG and LSH, the technologies with the lowest TRL-648

adjusted investment costs, were the most favoured technologies.649

The type of policy switching which this study has considered was limited to650

the appearance and disappearance, respectively, of policy support. The results651

do therefore not consider policy switching where the type of policy support is652

replaced with a new policy support regime, or where the switch occurs between653

different levels of policy support. Hence, the simulated policy switching regime654

represents a worst-case scenario. If the uncertainties reflect switching between655

different policy regimes, the results should see a lower impact from policy un-656

certainty.657

The policy price in the higher range of 650–700 EUR/ton GHG equivalent658

emission reduction was based on the current penalty for not complying with659

the reduction obligation mandate. It is however unlikely that the market for660

GHG emission reduction from blend-in biofuels would attain those levels, as it661

is possible to import other biofuels at lower prices.662

The policy support tool which was examined here was a time-based fixed663

level of policy support. As has been mentioned, it would be impossible to664

create a framework reaching a 0% policy uncertainty with these time-based665

policy support mechanisms, as the investments are likely to be operational for666

20 years. If the policy support instead were to be given as one-time investment667

support, the same conditions as for a 0% policy uncertainty would be achieved.668

The product price is of major importance in deciding if the simulation results669

in investment or not. Compared to the price of biomass - petrol and diesel prices670

are subject to higher uncertainties due to their high historic price volatilities,671

and the resulting simulated future prices provide a wide range of prices. For672

example, the petrol price at the end of the investment horizon provides a range673

of 90–120 EUR/MWh between the 10th and 90th percentiles (see figure 4).674

This wide range can flip a particular scenario with a specific investment cost675

from being very profitable, to very unprofitable. However, it should be noted676

that future simulated scenarios rely on parameters estimated from historic price677

data. If a significant new capacity of biorefinery technologies are deployed, it678

can significantly increase biomass prices (Zetterholm et al., 2020).679

5. Conclusions680

We have here used a real options framework to investigate the economic681

rationale behind the argument that policy uncertainty leads to deferred invest-682

ments in biorefinery technologies. The real options framework was implemented683
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for Swedish market conditions with emerging forest-based biorefinery technolo-684

gies at different stages of their technological development with a policy price685

depending on the GHG performance of the produced biofuel.686

While the results partly confirm that increased policy uncertainty can lead to687

a need for higher policy support in order to reach the same investment rates, this688

was, however, found to mainly be true for technologies that require very high689

policy support to reach any significant investment rates at all. Technologies that690

resulted in significant investment rates at lower policy support levels, conversely,691

showed low to no reduction in investment rates with increased policy uncertainty.692

The presence of some policy uncertainty improves the economic argument for693

earlier investments, as it becomes favourable to invest while the policy support694

is in effect rather than waiting for other market conditions to be improved.695

Among the set of investigated technologies, the study showed that there is a696

strong preference for technologies with a low specific investment cost and with697

a lower investment cost uncertainty. This was highlighted by that the tech-698

nologies with relatively low investment costs reported in the literature showed699

unexpectedly unfavourable results in this study. The explanation behind this700

is the relatively low technological maturity, which makes it likely that those701

investment costs are severely underestimated.702

Policy support mechanisms where the support is linked to the GHG perfor-703

mance of a biofuel or a technology are intended to favour concepts with high704

GHG performance. However, the results reflected no major advantage for those705

technologies since they had disadvantages in terms of their investment and op-706

erational costs, thus requiring a very high policy price to become economically707

viable. If the policy support is intended to promote investments in emerging708

technologies with high GHG performance, the results thus stress that such sup-709

port must be directed specifically to those technologies. Otherwise, under the710

same policy support scenario, it would be economically favourable to invest in711

technologies with lower GHG performance but more beneficial investment and712

operational cost performance.713

Overall, we conclude that we find little support for the claim that policy714

uncertainties is a major source for the failure of commercial deployment of715

advanced forest-based biorefinery technologies. The uncertainties surrounding716

investment costs, and future energy prices play a larger role in that investment717

in these technologies can not be justified from an economically rational point of718

view.719
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Appendix A. Technology TRL assessment944

The technology readiness level (TRL) of each individual processing step for945

each technology is summarised from references (Jafri et al., 2019b, 2020) in946

tables A.1–A.5.947

Table A.1: Process steps and TRL for lignin separation-hydrotreatment with natural gas
derived hydrogen (LSH) and electrolysis derived hydrogen (LSH-E). Source: (Jafri et al.,
2020).

Process step TRL Comment
Membrane filtration 6 Pilot operating in pulp mill environment.
Heat treatment and
lignin separation

5 Shorter bench/small pilot

Purification and
formulation

4

Hydrodeoxygenation
and cracking

4
Work is being performed in lab scale
on lignin oil. Concept demonstrated
in lab scale for other bio-oils

Integration with
pulp mill, permeate
and lignin lean liquor

4
Difficult to mature when working on
small slip-streams, but partly
demonstrated on similar effluents streams

Hydrogen production
9 /
7

Natural gas reforming (LSH)/
PEM electrolysis (LSH-E)

Integration with refinery 7

Concept formulated. Relatively easy
integration with heat being supplied
through steam and hot water generation,
NCG combustion in refinery boiler,
proven in other applications

33



Table A.2: Process steps and TRL for black liquor gasification-catalytic synthesis (BLG).
Source: (Jafri et al., 2020).

Process step TRL Comment
Black liquor gasification 7 Gasifier upscaling factor 25
Gas cleaning and
conditioning

8
Commercial technology
(rectisol and WGS), -1 fro biosyngas

Methanol synthesis
and purification

8
Commercial technology
(BWR), -1 for biosyngas

Methanol-to-gasoline 7.5
1G tech: 600 kt/y in NZ 1985-1997
2G tech: 100 kt/y on coal derived
syngas in China 2009, -1 for biosyngas

Integration with pulp mill,
green liquor and steam

4.5

Not demonstrated since GL flow from
gasifier is negligible in pilot. Green liquor
analysed and upgrading tio white liquor
demonstrated in bench scale.

Refinery integration
of MTG

4.5
Not demonstrated but fairly
straightforward and non-complex

Table A.3: Process steps and TRL for fast pyrolysis with upgrading via hydrodeoxygenation
(Pyr-HDO). Source: (Jafri et al., 2019b).

Process step TRL Comment

Fast pyrolysis of
forest residues

7.5
Commercial operation 30 MW
on pellets/sawdust, -(1-2) for
forest residue feedstock

Hydrodeoxygenation 3
SOTA: 2-step HDO in lab scale <400 mL,
-1 for forest residue FPO (alkali)

Final upgrading to
transportation fuel

8.5
Commercial process, -(0-1) for product
from new process

Integration in pulp mill 9 Only integrated through steam supply

Integration in refinery 7.5

Only integrated through use of
non-condensable gases in refinery boiler
and heat recovery in form
of hot water and steam
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Table A.4: Process steps and TRL for fast pyrolysis with upgrading via fluidised catalytic
cracking (Pyr-FCC). Source: (Jafri et al., 2019b).
Process step TRL Comment

Fast pyrolysis of
forest residues

7.5
Commercial operation 30 MW
on pellets/sawdust, -(1-2) for
forest residue feedstock

FCC co-feeding 4.5

Petrobras pilot 200 kg/h (<5% of
commercial scale) with approx.
250 h acc. op. time. UOP claims that
commercial trials are underway but
no results available. Not demonstrated
with forest residue pyrolysis liquids (alkali).

Final upgrading to
transportation fuel

8
Commercial process, -1 for product
from new process

Integration in pulp mill 9
Only integrated through use of non-condensable gases in
refinery boiler and heat recovery in
form of hot water and steam

Table A.5: Process steps and TRL for catalytic hydropyrolysis-hydroconversion (Hydropyr).
Source: (Jafri et al., 2019b).

Process step TRL Comment
Catalytic hydropyrolysis,
incl. feeding

3.5
GTI pilot 50 kg/d,
-(1-2) for forest residue

HDO 4.5
GTI pilot 50 kg/d,
-(0-1) for forest residue based vapours

NCG reforming to
hydrogen

7.5
Integrated NCG reforming not
demonstrated but very similar to commercial
process, -(1-2) for gas from hydropyrolysis

Final upgrading to
transportation fuel

8
Commercial process, -1 for product from
new process

Integration with refinery 7.5
Relatively easy integration with steam and hot
water generation, proven in other applications
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