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Abstract
Bioreﬁneries for production of fuels, chemicals, or materials, can be
an important contribution to reach a fossil-free economy. Large-scale
forest-based bioreﬁneries are not yet cost competitive with their fossil
counterparts and it is important to identify bioreﬁnery supply chain
conﬁgurations with good economic, CO2 , and biomass performance if
bioreﬁneries are to be a viable alternative to the fossil reﬁneries.
Several factors inﬂuence the performance of bioreﬁnery supply chains,
e.g. type of conversion process, geographical localisation, and production capacity. These aspects needs to be analysed in conjunction to
identify bioreﬁneries with good supply chain performance. There are
several approaches to improve the performance of bioreﬁneries, where
e.g. integration with other industries can improve the economic performance by utilisation of excess heat and by-products. From a Swedish
perspective the traditional forest industry is of interest as potential host
industries, due to factors such as by-product availability, opportunity
for heat integration, proximity to other biomass resources, and their
experience in operating large-scale biomass supply chains.
The objectives of this work were to investigate how diﬀerent supply
chain conﬁgurations inﬂuence the economic, biomass, and CO2 performance of thermochemical bioreﬁneries integrated with forest industries,
as well as methods for evaluating those supply chains.
This work shows that there is an economic beneﬁt for integration
with the traditional forest industry for thermochemical bioreﬁneries.
This is especially true when the bioreﬁnery concept can replace current old industrial equipment on site which can signiﬁcantly improve
the economic performance of the bioreﬁnery, highlighting the role the
Swedish forest industry could play to reach a cost eﬃcient large-scale
implementation of lignocellulosic bioreﬁneries.
The cost for biomass is a large contributor to the total cost of biorev

vi
ﬁneries and for traditional techno-economic evaluations, the biomass
prices are considered as static variables. A large-scale bioreﬁnery will
likely have an impact on the biomass market, which could lead to both
changes in the biomass price, as well as changed biomass demand for
other industries. A framework where this is accounted for was introduced, combining a techno-economic perspective for evaluating the supply chain performance, with a market model which identiﬁes changes in
biomass price and allocation due to the increased biomass competition.
The bioreﬁnery performance can be determined from several perspectives and system boundaries, both from a plant-level and a national
perspective. To facilitate a large-scale introduction of bioreﬁneries and
maximise the beneﬁt from their implementations, there is a need to
identify bioreﬁnery concepts with high performance considering several
system boundaries, which has been explored in this work.

Appended Papers
A Zetterholm, J., Wetterlund, E., Pettersson, K., and Lundgren, J.
(2018). Evaluation of value chain conﬁgurations for fast pyrolysis of lignocellulosic biomass - Integration, feedstock, and product
choice. Energy, 144:564-575.
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scale: impact on industrially integrated bioreﬁnery supply chains.
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Chapter 1

Introduction
Bioreﬁneries, as a renewable alternative to fossil reﬁneries for the production of fuels, chemicals and materials, could be a way to reduce
the use of and the CO2 emissions from fossil sources (e.g. Lynd et al.,
1999). The biomass feedstock used must be sustainably sourced, i.e.
the harvesting must take into consideration regrowth, and it should not
conﬂict with food production, making it especially interesting to utilise
by-products from other activities, such as agriculture and silviculture.
For forest-rich countries, by-products from forestry operation (harvesting residues) as well as from forest industry could constitute suitable
sources for bioreﬁnery feedstock.
Bioreﬁneries are currently not competitive with their fossil counterparts and there is a need to identify cost eﬃcient bioreﬁnery conﬁgurations. The performance can be improved by, for example, energy and
material integration with other industries (e.g. Börjesson Hagberg et al.,
2016; Holmgren et al., 2016). From a Swedish perspective, integration
with the traditional forest industry is of particular interest due to several factors, such as the relatively large number of industries and the
typical location of the industries close to other forest biomass sources.
Forest industries also often oﬀers possibilities for heat integration, supply of suitable by-products, and have valuable experience and know-how
regarding operation of large-scale forest biomass supply chains.
The full supply chain performance of a bioreﬁnery is aﬀected by a
variety of design variables, such as choice of conversion technology or
technologies, localisation, feedstock and ﬁnal product(s), and in order
to enable a large-scale introduction of bioreﬁneries there is a need to
identify cost eﬃcient conﬁgurations. Large-scale bioreﬁneries represent
1
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signiﬁcant investments and identiﬁed supply chain conﬁgurations must
show good economic performance for a wide range of future economic
scenarios. Additionally, since sustainable biomass is a relatively limited
resource, it is essential for the bioreﬁneries to be able to provide a high
speciﬁc CO2 mitigation for a given use of biomass, in order for biomass
to be able to contribute to targets for reduced CO2 emissions.
This thesis centres around the theme of increasing the understanding
of forest based bioreﬁnery concepts and how to evaluate them, with focus
on Swedish conditions and concepts relevant for those conditions.

1.1
1.1.1

Background
Bioreﬁnery technologies and supply chains

Several technologies for bioreﬁneries have been proposed based on both
biochemical and thermochemical pathways. Bioreﬁneries which can produce liquid products can be of particular interest, compared to solid and
gaseous products, since the liquid products are advantageous in terms
of transportation, storage, and the possibility to retroﬁt current industrial infrastructure (Vamvuka, 2011). The thermochemical platform is
promising for the production of both liquid and gaseous products and fuels, via fast pyrolysis or gasiﬁcation, since the biochemical processes currently have issues related to the pre-treatment of lignocellulosic biomass
(Sikarwar et al., 2016).
Compared to most gasiﬁcation based routes, as well as compared to
biochemical processes, fast pyrolysis oﬀers higher liquid yields, where
yields up to 75w% have been reported (Liu et al., 2014; Do and Lim,
2016; Bridgwater, 2012). In addition to liquids, the process also produces char and non-condensable gases, which can be used to provide
the heat needed for the fast pyrolysis process. Under certain conditions
the process could even generate a surplus of these products (Onarheim
et al., 2015a).
Pyrolysis liquids can be suitable for replacing heavy fuel oil in combustion applications (Czernik and Bridgwater, 2004), and could also
constitute an intermediate product for further upgrading via physical,
chemical, or catalytic processes (Isahak et al., 2012). With catalytic
upgrading of pyrolysis liquids via hydroprocessing, production of diesel
and petrol range fuels is possible (Dutta et al., 2016). The upgrading
via hydroprocessing however requires hydrogen, which, depending on
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the means of production, can signiﬁcantly inﬂuence the resulting CO2
emissions.
The gasiﬁcation route produces a syngas which can be synthesised
to a large number of fuels or chemicals (Wilhelm et al., 2001; Sikarwar
et al., 2016). Regarding biofuels, gasiﬁcation based bioreﬁnery concepts can either produce drop-in fuels that are chemically equivalent to
current fossil-based fuels (e.g. diesel and petrol, via the Fischer Tropsch process), or low-molecular biofuels intended for use as pure fuels or
high-blends (e.g. alcohols, dimethyl ether, or synthetic natural gas).
Centralised and decentralised supply chain
Compared to fossil feedstock based reﬁneries, biomass in general has
signiﬁcantly lower energy density, which increases the speciﬁc costs for
feedstock transportation. The implementation of intermediate biomass
processing has been proposed as a means to reduce the total cost for
transportation, in order to in turn reduce the cost for the full supply
chain (Wright et al., 2008). This type of supply chain is here referred to
as a decentralised supply chain conﬁguration. A potential consequence
of this is, however, an increased total capital cost of the system, since
additional equipment is needed for the preprocessing.
Previous research has suggested that for forest-based bioreﬁneries
the transport cost reduction would not be enough to oﬀset the increased
capital costs (Pettersson et al., 2018; de Jong et al., 2017). Centralised
supply chain conﬁgurations, where the virgin biomass feedstock would be
transported directly to a central large-scale upgrading plant, could thus
be more economically beneﬁcial for forest-based supply chain, unless the
competition for available biomass resources would be very high (de Jong
et al., 2017).

1.1.2

Industry integration

As mentioned previously, Sweden has a well-established forest industry
which can present several opportunities for integration. The forest industry faces increasing international competition and might need new
or changed business models in order to stay competitive, and the transformation into bioreﬁneries could constitute an important business development (Näyhä and Pesonen, 2014). Previous studies have shown
that integration of bioreﬁneries with other industries in order to e.g.
utilise excess heat and by-products, can be beneﬁcial (e.g. Börjesson
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Hagberg et al., 2016; Holmgren et al., 2016). Since excess heat from
the bioreﬁnery process can be utilised for production of process steam,
the host industry can reduce the use of primary biomass. Additionally, by-products from the industry, such as sawdust or bark, can be
used as feedstock to the bioreﬁnery. Conversely, by-products from the
bioreﬁnery could be used in the industry to replace biomass for heat
production.
Several concepts for integration of thermochemical bioreﬁnery technologies with chemical pulp mills have been proposed, both based on
gasiﬁcation (e.g. Andersson et al., 2014) and on fast pyrolysis (e.g. Benjaminsson et al., 2013). Chemical pulp mills, especially when integrated
with a paper mill, are characterised by high demand for process steam
and electricity. This makes heat integration suitable, as excess heat
from the integrated bioreﬁnery processes can be used to produce both
process steam and electricity. Additionally, the chemical pulp industry
has both bark and black liquor available as by-products which could
be used as bioreﬁnery feedstock. The industry also has experience regarding operation of complex chemical processes, as well as a readily
available infrastructure for the production of steam and electricity.
Sawmills also constitute potential host industries for bioreﬁnery integration, as they both have a heat demand for drying timber, and several
diﬀerent available by-products (i.e. sawdust, sawmill wood chips and
bark). (Anderson and Toﬀolo, 2013). Several studies have investigated
sawmills as possible host sites for bioreﬁneries where e.g. integration of
biomass gasiﬁcation at a sawmill for the production of synthetic natural
gas (SNG) has been identiﬁed to have high energy and economic performance (Mesfun et al., 2016; Pettersson et al., 2015; Ahlström et al.,
2017).
Combined heat and power (CHP) plants integrated with district
heating (DH) networks have also been presented as opportunities for integration of thermochemical bioreﬁnery technologies, as the DH network
oﬀers a potential heat sink. Integrating a fast pyrolysis process with a
CHP plant in a DH network can provide beneﬁts related to e.g. heat
integration, logistics, utilisation of surplus char, as well as increasing
the annual operating time for the CHP plant (Kohl et al., 2014; Gustavsson and Nilsson, 2013). The CHP plants additionally provide an
interesting opportunity for integration, since many DH networks may
face stagnating or decreasing heat loads due to more energy-eﬃcient
buildings, competition from other heating systems, and market satura-
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tion (Magnusson, 2012). Integration of bioreﬁnery technologies have an
opportunity to oﬀset the decreasing heat demand and also provide an
additional source of revenue.

1.1.3

Techno-economic evaluations of bioreﬁneries

The techno-economic supply chain performance is impacted by several
parameters and variables. Depending on the scope of the study, several
methods can be used to assess the performance of a bioreﬁnery concept.
Key parameters when evaluating the techno-economic plant-level
performance of bioreﬁneries are the biomass-to-product yield, energy
eﬃciency, and production costs. These parameters are commonly determined by investigating and/or optimising the cost of production using
bottom-up models with detailed descriptions of process equipment and
material and energy ﬂows (e.g. Tock et al., 2010). The choice of method
for evaluating the plant-level performance is highly dependent on the
speciﬁc technology investigated and the technical state of the process
(Molino et al., 2016; Baruah and Baruah, 2014).
Plant-level evaluations are commonly done for one speciﬁc localisation considering the characteristics of that speciﬁc site. However, local
characteristics that inﬂuence the performance can vary between diﬀerent
sites, e.g. feedstock availability, regional characteristics, modes of transport, localisation of potential host industries for integration and their
speciﬁc characteristics, and competing users of biomass (Blair et al.,
2017). These additional variables can be analysed in supply chain optimisation models and can include a variety of components in the analysis,
e.g. supply chain design, planning and operation, technology selection,
and diﬀerent environmental sustainability assessments (You and Wang,
2011; Yue et al., 2014). The aim is to capture larger parts of the parameters that occur for a bioreﬁnery concept and that are otherwise usually
excluded from the plant-level techno-economic evaluation. However, this
comes at the expense of increased complexity and reduced level of detail
in the technology representation.
Plant-level evaluation and supply chain optimisation methods, especially in combination, are thus suitable approaches to identify the
techno-economic performance of bioreﬁnery concepts. Previous research
has also highlighted the importance of evaluating emerging technologies within the context of the future system they will be implemented in
(Arvidsson et al., 2017). This can be done using extensive scenario anal-
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ysis, where usage of tools to create consistent scenarios is one approach
that has been suggested (Harvey and Axelsson, 2010).
However, the introduction of large-scale forest bioreﬁneries will likely
have signiﬁcant impacts on the feedstock markets (locally, regionally, or
nationally). Theses types of market eﬀects, as well as interactions between diﬀerent biomass using sectors, are not captured when using static
scenario analysis. Since biomass feedstock constitutes a large share of
the total bioreﬁnery cost, ignoring the potential impact on price formation when doing supply chain analysis of a new bioreﬁnery concept may
result in misleading conclusions concerning the proﬁtability of the evaluated concept. By using partial equilibrium models, feedstock prices can
instead be treated endogenously when evaluating forest biomass markets (see e.g. Caurla et al., 2013; Lauri et al., 2014). Connecting the
techno-economic approaches for evaluation of bioreﬁnery concepts with
a partial equilibrium model for evaluation of the feedstock market, would
allow for explicit accounting for feedstock market impacts in bioreﬁnery
assessments.

1.2

Objectives and aim

The aim of this work was to investigate the impact of diﬀerent supply
chain conﬁgurations on the performance of forest industry integrated
bioreﬁneries, as well as methods for evaluating those supply chains. Another aim was to identify diﬀerent types of trade-oﬀs in order to accomplish conﬁgurations that show favourable economic, CO2 , and biomass
performance under a wide range of scenarios. Speciﬁc objectives of this
work were to:
• Assess impacts of industrial integration for integration with diﬀerent host industries (Paper A, Paper B).
• Analyse trade-oﬀs between resource eﬃciency and economy of scale,
while also considering centralised and decentralised supply chain
conﬁgurations (Paper B).
• Develop a new methodological framework in order to be able to
account for the impacts of bioreﬁneries on the biomass markets,
when evaluating emerging bioreﬁnery concepts (Paper C).
• Investigate general methodological considerations for the evaluation of bioreﬁneries (Paper A, Paper B, Paper C).

Chapter 2

Considered bioreﬁnery
concepts
This chapter presents the forest-based bioreﬁnery concepts considered in
this work, with respect to choice of technologies, ﬁnal products, and (for
integrated cases) host industries. The speciﬁc technologies considered
were (i) fast pyrolysis, both with and without upgrading of the pyrolysis
liquids to diesel and petrol via hydroprocessing (Paper A, Paper B),
and (ii) black liquor gasiﬁcation, with and without additional blend in
of pyrolysis liquids (Paper B). Both concepts were studied using Sweden
as case.

2.1

Fast pyrolysis

Fast pyrolysis was considered for the production of pyrolysis liquids as
a replacement for heavy fuel oil, and for upgrading to diesel and petrol
via hydroprocessing in Paper A. Additionally, in Paper B the pyrolysis liquids were considered for further upgrading to methanol, via cogasiﬁcation with black liquor (see Section 2.2).
The fast pyrolysis process considered was based on data from the process developed by VTT (Onarheim et al., 2015a,b). For the subsequent
processing of the pyrolysis liquids to diesel and petrol via hydroprocessing, performance data was adapted from Furusjö et al. (2018) and Jafri
et al. (2018). The liquids and char yields of the fast pyrolysis process
are signiﬁcantly impacted by the ash content in the feedstock, resulting
in a reduced yield from biomasses with higher ash content (Onarheim
7
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Figure 1: Fast pyrolysis energetic performance (LHV) used in Paper A,
adapted from (Onarheim et al., 2015b; Jafri et al., 2018), WC: wood
chips, FR: forest residues, NCG: Non-condensable gases.
et al., 2015b). This was accounted for in both Paper A and Paper B,
with stemwood wood chips representing the low ash feedstock and forest
residues the high ash feedstock.
The energetic performance as modelled in Paper A (see Section 3.2.1)
for the fast pyrolysis and hydroprocessing units is presented in Figure 1.
Paper B used the same performance numbers for the fast pyrolysis unit.
The localisations considered for a fast pyrolysis facility were both
stand-alone facilities, and integrated with forest industry. The host industries considered were CHP plants in DH systems, pulp and paper
mills, and sawmills (Paper A and Paper B). In Paper B, the option to
produce PL integrated with chemical pulp mills was also considered (see
below).

2.2

Gasiﬁcation of black liquor and pyrolysis
liquids

When gasifying biomass feedstocks with high alkali content, the catalytic eﬀect of the alkali enables full carbon conversion at relatively low
temperatures (e.g. Perander et al., 2015; Bach-Oller et al., 2017a). Black
liquor is a liquid by-product from the chemical pulping process, which
is currently combusted in a recovery boiler at the pulp mill for the production of electricity and steam, and for the recycling of the pulping
chemicals back to the mill. The presence of the pulping chemicals result in a very high alkali content of the BL, which makes it suitable as
feedstock for gasiﬁcation. Black liquor gasiﬁcation has been successfully
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demonstrated as an alternative chemical recovery route (Landälv et al.,
2014; Jafri et al., 2017). Black liquor gasiﬁcation with downstream biofuel production has been shown to provide high resource and economic
eﬃciency (Ekbom et al., 2005; Pettersson et al., 2015; Landälv et al.,
2014).
The black liquor availability is directly determined by the pulp production at a mill. The production capacity of biofuels from black liquor,
both as regards at a speciﬁc site and the total capacity in Sweden, will
thus be limited by factors external to the biofuel production itself (e.g.
pulp and paper market). By adding an additional liquid feedstock, such
as pyrolysis liquids or glycerol, the production capacity can be increased
(Carvalho et al., 2018). By using a fast pyrolysis process for production
of pyrolysis liquids, the additional blend in feedstock can be produced
from diﬀerent biomass feedstocks, such as forestry harvesting residues.
Co-gasiﬁcation of black liquor and pyrolysis liquids has been proven
both in lab- and pilot-scale facilities (Bach-Oller et al., 2017b; Jafri
et al., 2017), and has been shown to be economically favourable for in
particular small pulp mills (Andersson et al., 2016).
Compared with pure black liquor gasiﬁcation, co-gasiﬁcation of black
liquor and pyrolysis liquids enables a more ﬂexible supply chain design;
either as a centralised supply chain, where pyrolysis liquids are produced
on site, or as a decentralised supply chain, where pyrolysis liquids are
produced externally and transported to the gasiﬁcation facility. The economic viability of the co-gasiﬁcation concept, compared to black liquor
gasiﬁcation, is highly inﬂuenced by the cost of pyrolysis liquids (Andersson et al., 2016). In order to be able to fully evaluate the performance of
the co-gasiﬁcation concept, simultaneous consideration of the pyrolysis
liquids production and the co-gasiﬁcation is required, including localisation and supply chain conﬁgurations.
Paper B investigated the full supply chain performance of the gasiﬁcation of black liquor, with and without the addition of blend-in pyrolysis
liquids. The analysis focused on the potential trade-oﬀs between high
biomass conversion eﬃciency and economy of scale eﬀects, in terms of
biomass usage, economic performance, and CO2 emissions, as well as the
preferences for centralised vs. decentralised supply chain conﬁgurations.
The speciﬁc supply chain conﬁgurations evaluated were:
(1) BLG: Black liquor gasiﬁcation, representing a value chain conﬁguration with maximised biomass conversion eﬃciency.

10
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Figure 2: Supply chain conﬁgurations considered for the co-gasiﬁcation
of black liquor and pyrolysis liquids (Paper B).
(2) BL/PL-(i): Co-gasiﬁcation of black liquor and pyrolysis liquids with
a centralised supply chain (i.e. production of pyrolysis liquids at the
gasiﬁcation plant), representing a value chain with a possibility to
signiﬁcantly increase the economy of scale eﬀects (compared to (1)
BLG), but with higher biomass transport costs.
(3) BL/PL-(e): Co-gasiﬁcation of BL and PL with a decentralised supply chain (i.e. oﬀ-site production of pyrolysis liquids), representing
a value chain with the possibility to signiﬁcantly increase the economy of scale eﬀects (compared to (1) BLG), but with lower biomass
transport costs and higher capital costs, due to the intermediate upgrading of biomass to pyrolysis liquids (compared to (2) BL/PL-(i)).
(4) All technologies considered simultaneously. This scenario represents
an overall value chain conﬁguration which allows for a mix of separate conﬁgurations from options (1)-(3)
The supply chain conﬁgurations scenarios (1)-(3) are illustrated in
Figure 2. The gasiﬁcation concepts were studied in conﬁgurations producing methanol for usage in the road transport sector. Methanol was
chosen due to the high well-to-wheel eﬃciency, the possibility to use as a
blend-in fuel, and the suitability as a platform chemical for the synthesis
of other fuels and chemicals (Bertau et al., 2014).
Localisation of the methanol production was limited to the chemical
pulp mills due to the nature of the considered core bioreﬁnery technology (black liquor gasiﬁcation), which enables recycling of the necessary
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chemicals to the pulp mill. Only the case where all black liquor on site
would be utilised was considered, thus removing the need for a recovery
boiler.
As described above, pyrolysis liquids was considered for either on-site
production at the chemical pulp mills, or oﬀ-site production in standalone facilities or in facilities integrated with either sawmills or CHP
plants in DH systems.

12
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Chapter 3

Methodology
This chapter gives a brief overview of the methodologies used to determine the techno-economic performance of the considered bioreﬁnery
concepts. More details regarding the methods can be found in the appended papers.

3.1

System boundaries

Diﬀerent system boundaries can be chosen when evaluating the performance of diﬀerent bioreﬁnery concepts. In this work, two diﬀerent main
system boundaries were applied.
Paper A used plant-level system boundaries to determine the technoeconomic performance of the studied bioreﬁnery technologies. This perspective is similar to that of the plant owner and the production cost can
be seen as representative of the price required to enable an investment.
Paper B also partly used the plant-level system boundaries in order to evaluate the technical performance of the considered bioreﬁnery
technologies and their impact on the bioreﬁnery host industries. Paper
B, however, primarily applied a perspective encompassing national system boundaries in order to evaluate the techno-economic performance
of the full supply chain. This perspective also included the impact of
the studied bioreﬁnery technologies on competing industries, in terms
of changes in biomass and biomass transportation costs, as well as in
associated emissions.
Paper C encompassed the same system boundaries as Paper B (national systems perspective, with the plant-level performance being de-
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cided for the technical performance). This was however done with the
addition of that the system boundaries also included the economic system, i.e. explicit inclusion of the biomass feedstock market.

3.2
3.2.1

Technical evaluation
Static heat and mass balance models

The site-speciﬁc technical performance of a bioreﬁnery concept can be
assessed using a number of methodologies which are dependent on e.g.
the technology, availability of data, and the scope of the study. In order
to e.g. evaluate the detailed performance of individual processes and
reactors, suitable approaches can involve thermodynamic equilibrium
modelling, kinetics models, and statistical approaches (Villetta et al.,
2017; Alamia et al., 2016). In Paper A and Paper B the plant-speciﬁc
technical performance was instead determined using static energy and
mass balance models. This modelling approach is suitable when evaluating multiple plant conﬁgurations, since the model can easily be adapted
for several integration scenarios.
Figure 3 illustrates the approach for the case of a fast pyrolysis process integrated with a CHP plant. In the ﬁgure, the arrows annotate
ﬂows of diﬀerent energy carriers, as represented in the heat and mass balance model. Diﬀerent process equipment was represented in the model
by static input parameters, e.g. isentropic eﬃciencies of turbines, yields
of bioreﬁnery equipment, and heat demand of dryers. The model was
implemented in a spread sheet based environment. The model was conﬁgured to modify the internal ﬂows (e.g. amount of medium-pressure
steam used for the production of DH) in order to satisfy all deﬁned heat
demands and to maximise the electricity production. For the integration of a fast pyrolysis process with an already existing boiler (i.e. with
limitations in boiler and steam production capacity), the model was also
used to determine the maximum pyrolysis liquids production (Paper A).
In Paper B, the described approach was used to model technical
(plant-level) performance for the gasiﬁcation based bioreﬁnery concepts,
in addition to the fast pyrolysis facilities for the production of the blendin pyrolysis liquids. The facilities were dimensioned depending on site
speciﬁc conditions, and the resulting plant-level performance was used
as input to the supply chain optimisation model (see Section 3.4).
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Figure 3: Schematic view of idealised heat and mass balance model for
a fast pyrolysis process integrated with a CHP plant (from Paper A).
Diﬀerent lines represent diﬀerent types of energy carriers.

3.2.2

Integration assumptions

The integration of a bioreﬁnery technology at a host industry assumed
that there would be an heat integration, where excess heat from the
bioreﬁnery process would be used to satisfy a heat demand at the host
industry. Any additional by-products from the bioreﬁnery, e.g. char and
and non-condensible gases, were assumed to replace fuel in a boiler on
site for heat production.
The integration with other host industries considered two options.
In the ﬁrst option, the alternative investment option, the bioreﬁnery
investment was assumed to coincide in time with the need at the host
industry for major energy investments, as described further in Section
3.3.1. This option was considered in both Paper A and Paper B. The
second option was the integration with an already existing boiler and
steam network, which was considered in Paper A.
For the alternative investment option, the entire steam network would
need to be redesigned in order to accommodate the heat demand of both
the host industry and the integrated bioreﬁnery process. This implies
that all heat demand required at diﬀerent heat levels (high/medium/lowpressure steam, or lower quality heat at DH level) could be produced
by using a steam turbine, which would thus maximise the electricity
production given the heat demand for the processes.
If a bioreﬁnery process would instead be integrated with an existing
boiler, as in the second integration option, the steam network and boiler
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capacity might be limited. For those options, the current boiler on site
(before investment in a bioreﬁnery) was assumed to have a steam cycle
that was optimised for electricity production while satisfying the deﬁned
heat demand (DH demand for integration with CHP plants, and process
steam demand for integration with pulp mills). With the integration of
the bioreﬁnery technology (fast pyrolysis), the boiler was assumed to be
required to still satisfy the heat demand of the connected processes. It
was further assumed that when integrating with an existing boiler, the
sustained thermal heat load in the boiler and the steam mass ﬂow could
be increased by 10%, which was included in the static heat and mass
balance model (described in Section 3.2.1).
By integrating a bioreﬁnery process (fast pyrolysis) in a CHP plant
in a DH system, there could be an opportunity to increase the annual
operating hours, since the plant can be operated for a longer period when
there is a low DH demand in the network (Kohl et al., 2014). Based
on this, a generic increase in the annual operating time for bioreﬁnery
integrated CHP plants was assumed in both Paper A and B.

3.3

Economic evaluation

Paper A and Paper B evaluated the production costs for the products
from the considered bioreﬁnery concepts. In Paper A the production
cost was evaluated using the plant-level system boundaries. Paper B
instead evaluated the production cost using the national level system
boundaries. This was done by expanding the system boundaries to also
include cost changes for the rest of the system, caused by the bioreﬁnery
implementation. While both eﬀects from competing industry, and eﬀects
on the competing industry were thus considered in Paper B, biomass
price changes were excluded.
Paper C expanded on the approach for economic evaluation used
in Paper B, with the additional inclusion of market eﬀects on biomass
feedstocks, in order to identify the impact of the bioreﬁnery on the
biomass feedstock price and any indirect eﬀects on other biomass users,
due to the changes in biomass competition.
The bioreﬁnery production costs were determined using the annuity
method, where the investment cost is annualised over the economic lifetime, given an economic lifetime and discount rate. In this work, annuity
factors of 0.1 (Paper A) and 0.13 (Paper B) were used. The operation
and maintenance costs were assumed as 4% of the capital costs.
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The cost of major process equipment on site was estimated according
to:
C = a · Cb

(1)

where a is an equipment speciﬁc constant, C the scaling ﬂow of the
equipment (e.g. electricity output for a steam turbine, or biomass feed
for a gasiﬁer), and b the scaling exponent, which usually for process
equipment is around 0.7 (but can be signiﬁcantly diﬀerent depending
on the considered equipment). This results in larger equipment having
lower speciﬁc investment costs, which is referred to as economy of scale
eﬀects.
Equipment costs were adjusted to the considered value year of 2015
using the Chemical Engineering Plant Cost Index (CEPCI) (Chemical
Engineering, 2016).

3.3.1

Alternative investments

As described in Section 3.2.2, alternative investment options were applied in Paper A and Paper B. For those options, the economic beneﬁt
of investing in a bioreﬁnery at the same time as the industry would otherwise need to undertake other energy related investments was explicitly
considered. In brief, this can be described as that if the host industry
can invest in a bioreﬁnery at the same time as they are facing major
energy investment where boilers and/or steam turbine(s) are at the end
of their lifetime, the industry has a choice of investing in either (i) conventional technology, i.e. new boilers and, if applicable, steam turbines,
or (ii) a bioreﬁnery and, if necessary, additional boilers and/or turbines
in order to meet the host industry’s base utility requirements. This can
thus be considered an alternative investment, and the cost of the bioreﬁnery can be considered to be the additional cost of investment option
(ii) compared to investment option (i). The bioreﬁnery investment were
thus determined from the additional cost compared to the conventional
investment for each speciﬁc host site.
As the investment in bioreﬁneries was considered both with and without the alternative investment approach (Paper A and Paper B), the
resulting impacts on the supply chain cost could be compared in order
to perform a quantitative estimation of the beneﬁt gained from using
current industrial infrastructure in the transition to large-scale implementation of lignocellulosic bioreﬁneries.
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Figure 4: Schematic overview of input data to and model output from
BeWhere Sweden (Paper B).

3.4

Supply chain optimisation

As discussed brieﬂy in the introduction, supply chain optimisation models are commonly used to investigate facility localisation problems. The
models have often been implemented using mixed integer linear programming (MILP), using binaries to represent e.g. production facilities and
continuous variables to represent material ﬂows in the studied system
(Ghaderi et al., 2016).
In Paper B, the existing spatially explicit MILP model BeWhere
Sweden was used to investigate the full supply chain performance of the
considered bioreﬁnery concepts using the national system boundaries.
The model was for this work further developed in order to encompass fast
pyrolysis as well as co-gasiﬁcation of black liquor and pyrolysis liquids,
and decentralised as well centralised supply chain conﬁgurations.
BeWhere Sweden is a bioreﬁnery localisation model that minimises
the total supply chain cost, while considering the spatial distribution of
supply and demand for biomass, as well as costs related to new bioreﬁnery plants (Wetterlund et al., 2013; Pettersson et al., 2015). Figure 4
presents a schematic overview of BeWhere Sweden.
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In the model, diﬀerent industrial sites are considered as both potential host sites and as sites with competing demand for biomass. The
industries are considered individually regarding e.g. site-speciﬁc energy
and biomass usage. A grid of 334 cells with a half degree spatial resolution is used in to model, for the representation of e.g. biomass demand
and supply, and product demand.
The total supply chain cost to be minimised includes e.g. feedstock costs for bioreﬁneries and competing industries, transport costs
(feedstocks and products), technology costs, etc. The transport cost
is endogenously determined depending on mode of transportation and
transport distance. Biomass has been disaggregated into diﬀerent assortments e.g. pulpwood, saw logs, forest residues, and stumps, and
their respective prices have been exogenously deﬁned. The electricity
market is exogenously treated and excess or deﬁcit electricity at the
bioreﬁnery plant level is assumed to be resolved by purchasing or selling
electricity.
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Chapter 4

Summary of papers
This chapter summarises the appended papers and synthesises the results with respect to the presented thesis objectives presented in Section
1.2.

4.1

Impacts from industrial integration

The evaluation of impacts from industrial integration was approached
from both the plant-level perspective (Paper A) and from the national
system perspective (Paper B).
Paper A estimated the economic beneﬁts of industrial integration
both in terms of a comparison with stand-alone operation, and in terms
of the beneﬁt associated with the considered necessary alternative investment.
Figure 5 shows the resulting production costs, for the considered
products and localisation options. Integration of the fast pyrolysis process with diﬀerent industrial hosts (CHP plants, pulp and paper mills,
and large sawmills) in general showed economic beneﬁts when comparing with stand-alone production, leading to a cost reduction of 2-15%
(with end-product pyrolysis liquids) and up to 13% (with end-products
diesel and petrol) for the integrated process. However, other integration
options (small sawmills and existing boiler at a CHP plant) resulted in
no cost beneﬁt, compared to stand-alone production.
The main reason for the improved economic performance for the
integrated production was the reduced capital investment. For the integration with an existing boiler (option 2, no alternative investment
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Figure 5: Resulting production costs for pyrolysis liquids (top) and diesel
and petrol (bottom), based on the fast pyrolysis process evaluated in
Paper A. WC: wood chips, FR: forest residues.
credit considered) the necessary investment for a boiler to provide heat
was thus removed (compared with stand-alone). When instead considering the alternative investment (option 1), a credit was received corresponding to what a new boiler would cost, thus reducing the capital
investment. Depending on the conﬁguration for the integration, additional revenues from co-production of electricity, as well as lower speciﬁc
biomass costs, also contributed to the lower resulting production cost.
Compared to the option of integrating into an existing boiler, the
results showed a beneﬁt for the alternative investment option, amounting to a reduced production cost of 3-8% for pyrolysis liquids, and 2-6%
for diesel and petrol end products, respectively. This means that for a
site that faces investment in a new boiler, simultaneous investment in
bioreﬁnery process equipment provides economic beneﬁts, as compared
to investment in bioreﬁnery equipment only (i.e. without the required
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Figure 6: Supply chain methanol production cost with (unﬁlled markers)
and without (ﬁlled markers) consideration of the alternative investment
credit (Paper B).
simultaneous investment in a new boiler). This would also make it possible to optimise the boiler and steam network capacity to satisfy both the
industrial and biofuel production heat demand, which e.g. would remove
the need for direct condensation of steam to satisfy DH demand.
The alternative investment beneﬁt was also considered in Paper B,
applying the national system boundaries. Paper B investigated black
liquor gasiﬁcation, with and without additional blend-in of pyrolysis liquids. A key assumption was that all black liquor on-site would be used,
and that the bioreﬁnery process would thus completely remove the need
for a recovery boiler. The alternative investment perspective in Paper
B thus accounted for the replacement of capital-intensive equipment.
Figure 6 shows the resulting full supply chain production cost, with
and without the alternative investment credit accounted for. The analysis of the beneﬁts of industrial integration showed that the alternative
investment credit resulted in a reduction in the supply chain methanol
production cost of 30-40 EUR/MWh for pure black liquor gasiﬁcation
(supply chain case 1 in the ﬁgure), and about 20 EUR/MWh for cogasiﬁcation with pyrolysis liquids (supply chain case 2-3 in the ﬁgure).
This large potential beneﬁt of industrial integration when a possibil-
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ity exists to replace very capital intensive industrial equipment on site,
highlights the advantage of being able to utilise current industrial infrastructure to reach a cost-eﬃcient large-scale introduction of bioreﬁneries.
From an implementability perspective, it is reasonable to include the
alternative investment credit when evaluating the economic performance
of black liquor gasiﬁcation, as the conﬁgurations included here considered gasiﬁcation of all black liquor on site. To exclude the alternative
investment credit would thus disregard the fact that this conﬁguration
would replace major equipment on site.
For all of these cases, the analysis of beneﬁts from integration with
forest industries only considered beneﬁts related to heat integration and
utilisation of by-products on-site. No integration beneﬁts were considered from e.g. reduced costs for operation and maintenance or feedstock
handling, or from utilisation of existing personnel and infrastructure.
The economic beneﬁts of industrial integration may thus be slightly underestimated.
Regarding beneﬁts in terms of CO2 emission performance of integration with industry, this was evaluated in Paper A for the fast pyrolysis
based bioreﬁnery concepts. The results showed no strong impact on
the CO2 performance from the considered localisation (industrially integrated vs. stand-alone production), as the performance was mainly
inﬂuenced by the assumptions regarding the electricity production (see
Section 4.4).

4.2

Supply chain conﬁgurations

The objective related to trade-oﬀs between economy of scale and resource eﬃciency, with additional analysis of centralised and decentralised
supply chain conﬁgurations, was analysed in Paper B. The case of black
liquor gasiﬁcation, with and without blend-in of pyrolysis liquids, was
considered. Previous research, applying plant-level system boundaries,
had shown that there was an economic advantage at in particular small
pulp mills for co-gasiﬁcation of black liquor with pyrolysis liquids (Andersson et al., 2016). Paper B extended the system boundaries to the
national level in order to investigate the full supply chain performance
of the concepts.
Figure 7 shows the resulting performance in terms of total supply
chain production cost, biomass usage, and CO2 mitigation. The result
showed an economic advantage for the considered bioreﬁnery concepts,
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Figure 7: Supply chain methanol production cost depending on total
system biofuel production (left), and system CO2 mitigation compared
to biomass usage (right) (Paper B).
of bioreﬁnery supply chains with higher biomass eﬃciency (pure black
liquor gasiﬁcation, green graph), as compared to supply chains with more
pronounced economy of scale eﬀects (co-gasiﬁcation, blue and orange
graphs), given that the alternative investment credit was considered.
However, the results also showed that the usage of the pyrolysis liquids
blend-in can signiﬁcantly increase the system’s production potential of
black liquor based methanol production, but at the cost of signiﬁcantly
increased biomass usage (speciﬁc and total).
Conﬁrming previous ﬁndings, the results in Paper B also showed an
economic beneﬁt for decentralised over centralised supply chain conﬁgurations, under high system biomass demand. However, under lower
system biomass demand, this work also emphasised that the preference
for centralised or decentralised supply chain conﬁguration is more dependent on the speciﬁc choice of location as well as on other economic
factors in the system, than on fundamental advantages of either conﬁguration. This was also true for signiﬁcant changes in costs and prices, and
it is thus recommended that site and technology-speciﬁc investigations
are used to identify lowest cost chain conﬁgurations.
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Figure 8: Schematic overview of the interdisciplinary framework for evaluation of bioreﬁnery concepts (Paper C).

4.3

Interdisciplinary evaluation framework

Paper C introduced a framework connecting techno-economic evaluations (consisting of both detailed plant-level modelling and supply chain
optimisation) with market modelling, for the evaluation of new bioreﬁnery concepts. The framework aims to bridge the gap between diﬀerent methods used to evaluate diﬀerent aspects of the bioreﬁnery performance. By combining diﬀerent approaches, early phase investigation
of bioreﬁnery concepts would be enabled considering technical performance, supply chain aspects, and market impacts. Three sub-models are
interlinked via soft-linking in an iterative process. A schematic overview
of the process is shown in Figure 8.
The diﬀerent sub-models have a detailed representation of their respective part of the bioreﬁnery performance. The process evaluation
model (left) includes detailed descriptions of the plant-level material and
energy ﬂows, enabling a detailed description of the considered process.
The process can also be optimised according to the characteristics of the
studied system, e.g. the process can be adapted to the considered integration opportunities and energy prices. In the bioreﬁnery concept evaluation, the bioreﬁnery would be conﬁgured and the biomass-to-product
yield, as well as the costs pertaining to the bioreﬁnery process, would
be identiﬁed. This data would be passed on to the supply chain model
(centre).
The supply chain evaluation determines the techno-economic performance of the full supply chain of the bioreﬁnery concept, using a supply
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chain optimisation model (as also used in Paper B). The model considers the geographical aspects of the bioreﬁnery, e.g. biomass availability,
transport network, and localisation of potential hosts and competing
industries. This is used to determine the lowest cost supply chain conﬁguration for the bioreﬁnery concept, which is then used to determine
the full supply chain cost. Results from the supply chain model are used
as an input to the market model (right).
The market model includes a description of the bioenergy and forestry
industry sectors, and captures the price dynamics in the market as well
as allocation of biomass feedstock between industries. The market model
will determine the biomass price changes due to the increased competition from the implementation of the evaluated bioreﬁnery concept.
The new feedstock prices are in the framework used as an iterative
input to the supply chain model, which could aﬀect the conﬁguration
of the lowest cost supply chain. If the new solution diﬀers from the
previous, this is in turn used as a new input to the market model. Additionally, the speciﬁc characteristics of the localisations identiﬁed in the
supply chain optimisation model can be used as input to the process
evaluation model. This enables updating and adaptation of the process
models for the evaluated speciﬁc conditions.
By combining the three sub-models it is thus possible to evaluate the
performance of bioreﬁneries considering both technical and geographical
aspects, while at the same time considering price dynamics of biomass
feedstock including other sectors with a demand for forest biomass.

4.4

Methodological considerations

In the work with this licentiate thesis, several methodological considerations and trade-oﬀs were identiﬁed, related to both economic and CO2
emission performance evaluations. The choice of system boundaries and
assumptions regarding the surrounding system can signiﬁcantly impact
the bioreﬁnery performance. However, the work illustrates the importance of using diﬀerent system boundaries and the aspects of the supply
chain they highlight when evaluating the bioreﬁnery performance.
In Paper A, the production cost for the fast pyrolysis process was
investigated from the plant-level perspective. Using plant-level system
boundaries enables a detailed representation of the bioreﬁnery impact
on a speciﬁc site, and the resulting performance can thus be seen as
representative of the performance from the perspective of the owner of
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the plant. The method employed in Paper A (static heat and mass
balance models), results in a very simpliﬁed technology representation.
This approach is suitable when the scope of the study is to compare
several sites and possible conﬁgurations, which would be infeasible to do
with an approach with a more detailed representation of the technologies
and concepts (e.g. implementation of the process in Aspen Plus).
For plant-level evaluations, the investigations are commonly done
using one speciﬁc site as case study, applying the speciﬁc characteristics of that site. In Paper A, several sites were instead investigated.
However, each site was used to represent one speciﬁc type of industry
(e.g. the pulp mill localisation only considered a generic representation
of a chemical pulp mill). This approach thus disregarded the fact that
diﬀerent host industry characteristics, for a given type of industry, may
be very diﬀerent between diﬀerent speciﬁc sites, regarding for example
type of product, industry size, as well as local characteristics related to
e.g. biomass availability.
The system boundaries applied in Paper A also neglected the indirect impacts of implementation of the bioreﬁnery on other biomass
users. The introduction of a bioreﬁnery technology can be expected
to result in an increased biomass demand in an area surrounding the
bioreﬁnery (local and/or regional eﬀects). This could in turn result in
that biomass users would need to transport biomass longer distances
due to increased competition, with resulting associated increased CO2
emissions and costs.
Paper B, compared to Paper A, expanded the national system boundaries, where also competing biomass users were considered. This enabled
the bioreﬁnery performance to be evaluated considering additional system costs related to e.g. changes in feedstock transportation costs, due
to increased system demand of biomass. Using these system boundaries
made it possible to include several speciﬁc host industry locations in the
analysis. Paper B, for instance, considered all chemical pulp mills in
Sweden as possible host industry locations. This approach can be suitable when the aim is to identify the total cost of the studied system for
bioreﬁnery concepts. However, it is important to note that the resulting
performance in Paper B is not representative of the cost of a bioreﬁnery
concept from a potential investor’s perspective, since the indirect costs
for other users are also considered.
With the national system boundaries, the indirect eﬀects on other
biomass users were captured. Paper B identiﬁed, for example, that im-
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Figure 9: Net speciﬁc CO2 emissions from fast pyrolysis based production of diesel and petrol, using electrolysis based hydrogen in the
hydroprocessing. The results are shown using emissions from the average electricity mix (blue bars), and from marginal electricity production
(orange bars), in Sweden (Paper A).
plementation of pure black liquor gasiﬁcation at large pulp mills was
favourable, compared to the other considered cases. However, even
though all the central decision variables were considered in the supply
chain model, the model disregarded the dynamics of feedstock prices,
in terms of that the implementation of a large-scale bioreﬁnery can be
expected to aﬀect local/regional feedstock prices due to the increased
demand. This was addressed in Paper C, where a framework was developed for linking the techno-economic evaluation of bioreﬁneries with
market modelling, in order to determine the impact on both biomass
prices and on the biomass use for competing users.
The CO2 performance of the bioreﬁnery concept was found to be signiﬁcantly dependent on the choice of system boundaries, assumptions,
and method. This was clearly illustrated in Paper A where diﬀerent
production pathways were considered for the hydrogen used to upgrade
the pyrolysis liquids to diesel and petrol. Figure 9 shows the net CO2
emissions for the case where electrolysis based hydrogen was used for
the upgrading. The ﬁgure shows the results for two diﬀerent considered
electricity production emissions; marginal electricity, and average elec-
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tricity mix, respectively. The assumption regarding the emissions had a
signiﬁcant impact on the CO2 performance, from a signiﬁcant emission
reduction potential when using the average electricity perspective (blue
bars), to a system with net emissions compared to the fossil alternative
when using the marginal electricity perspective (red bars).
In summary, several methods and system boundaries can be used
to evaluate the performance of bioreﬁneries. In order to be able to
better understand the complex performance under diﬀerent boundary
conditions and scenarios, a combination of diﬀerent system perspectives,
reference systems and approaches is recommended.

Chapter 5

Conclusions
The forest industry integrated bioreﬁneries represent a promising pathway to enable large-scale introduction of bioreﬁneries. In order for this
potential to be realised, there is a need to identify bioreﬁnery concepts
with high performance from several perspectives. As the performance
of bioreﬁneries consists of a complex set of indicators, the evaluation
of them should be undertaken using diﬀerent system boundaries and
approaches. This licentiate thesis aimed to increase the understanding
of factors inﬂuencing the economic, CO2 , and biomass performance of
forest industry integrated bioreﬁneries, and how to evaluate them.
The results show a beneﬁt from integration with forest industries
compared with stand-alone localisations. This is especially true when
bioreﬁnery investments are done in conjunction with, or as alternative
to, other investments on site (e.g. boilers), as the alternative investment
credit reduces the bioreﬁnery investment cost. Additional beneﬁt can
be gained when the bioreﬁnery investment can replace capital intensive
equipment at the host industry which can signiﬁcantly improve the economic performance. This demonstrates that the Swedish forest industry
could play a vital role to reach a cost eﬃcient large-scale implementation
of lignocellulosic bioreﬁneries.
Conﬁrming previous ﬁndings, this work shows an economic beneﬁt
for decentralised supply chain conﬁgurations under scenarios with very
high biomass demand in the system. However, for lower system biomass
demand scenarios, the preference for centralised or decentralised supply
chain conﬁguration is more dependent on the speciﬁc choice of location as well as on other economic factors in the system. For current
cost projections for fast pyrolysis these results show that there are no
31
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fundamental advantages of either centralised or decentralised conﬁgurations. It is therefore of importance to include geographical aspects when
considering how to conﬁgure a bioreﬁnery supply chain.
The economic performance of a bioreﬁnery is heavily inﬂuenced by
the feedstock prices, which commonly are considered as static in technoeconomic models. A large-scale bioreﬁnery will have an impact on the
biomass feedstock prices, which could inﬂuence which localisation and
technologies that are preferable. Additionally, the changed biomass
prices might inﬂuence the biomass allocation in the market. This is
addressed in the introduced framework, where a techno-economic perspective for evaluating the supply chain performance of bioreﬁneries is
connected with a market model for identifying feedstock price changes
and allocation of biomass in the forestry industry.

Chapter 6

Future work
There are a large set of uncertainties inﬂuencing the variables aﬀecting
the estimated economic performance of bioreﬁneries. Several approaches
analyses how these uncertainties inﬂuence the economic performance,
and and how they inﬂuence an investors willingness to invest. Given that
there are a number of possible future scenarios for both energy markets
and technical development, investors have the possibility to wait with
an investment for a) further technical development which would lower
the investment cost, or b) more knowledge regarding energy price developments. This means that an investor has the opportunity to 1) invest
now, 2) wait for more information, or 3) abandon the investment, which
is accounted for in real options analysis. Future work will incorporate
this into the BeWhere Sweden model, in order to identify how future
uncertainties aﬀect both when in time an investment might occur (now,
later, or never), and what levels of policy support that would be needed
to lead to an investment.
The future work will also include an application for the developed
framework in Paper C. The framework will be especially suitable for
evaluating the performance of bioreﬁnery concepts relying on feedstocks
for which there is currently no market, such as bark, which could e.g. be
used as gasiﬁcation feedstock. The framework could also be used to further investigate the impacts of diﬀerent methodological considerations
when evaluating bioreﬁneries, by evaluating a bioreﬁnery concept both
using diﬀerent separate system boundaries, and using the full framework.
There are additional aspects for evaluation of forest industry integrated bioreﬁneries. Due to the integration, they are dependent on the
willingness of the host industry to invest. This investment decision is
33
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not only aﬀected by the proﬁtability of the investment, but it also needs
to ﬁt within the current or future business plan of the host, either in
terms of plant operation or product portfolio. Therefore it would be of
interest for additional analysis of future business development pathways
for the Swedish forest industry, and how these pathways aﬀect, and are
aﬀected by, pathways for bioreﬁnery concepts.
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Jafri, Y., Furusjö, E., Kirtania, K., Gebart, R., and Granberg, F. (2017).
A study of black liquor and pyrolysis oil co-gasiﬁcation in pilot scale.
Biomass Conversion and Bioreﬁnery, pages 1–12.
Jafri, Y., Wetterlund, E., Anheden, M., Kulander, I., Håkansson, Å.,
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Tock, L., Gassner, M., and Maréchal, F. (2010). Thermochemical production of liquid fuels from biomass: Thermo-economic modeling, process design and process integration analysis. Biomass and Bioenergy,
34(12):1838–1854.

40

BIBLIOGRAPHY

Vamvuka, D. (2011). Bio-oil, solid and gaseous biofuels from biomass
pyrolysis processes-An overview. International Journal of Energy Research, 35(10):835–862.
Villetta, M. L., Costa, M., and Massarotti, N. (2017). Modelling approaches to biomass gasiﬁcation: A review with emphasis on the stoichiometric method. Renewable and Sustainable Energy Reviews, 74:71
– 88.
Wetterlund, E., Pettersson, K., Lundmark, R., Lundgren, J., Anthanassiadis, D., Mossberg, J., Torén, J., von Schenk, A., and Berglin, N.
(2013). Optimal Localisation of Next Generation Biofuel Production
in Sweden – Part II. Technical Report f3 2013:26, f3 The Swedish
Knowledge Centre for Renewable Transportation Fuels, Sweden.
Wilhelm, D., Simbeck, D., Karp, A., and Dickenson, R. (2001). Syngas
production for gas-to-liquids applications: technologies, issues and
outlook. Fuel Processing Technology, 71(1):139 – 148.
Wright, M., Brown, R., and Boateng, A. (2008). Distributed processing of biomass to bio-oil for subsequent production of ﬁscher-tropsch
liquids. Biofuels, Bioproducts and Bioreﬁning, 2(3):229–238.
You, F. and Wang, B. (2011). Life cycle optimization of biomass-toliquid supply chains with distributed-centralized processing networks.
Industrial and Engineering Chemistry Research, 50(17):10102–10127.
Yue, D., You, F., and Snyder, S. W. S. (2014). Biomass-to-bioenergy
and biofuel supply chain optimization: Overview, key issues and challenges. Computers & Chemical Engineering, 66:36–56.

Paper A
Evaluation of value chain conﬁgurations for fast
pyrolysis of lignocellulosic biomass - Integration,
feedstock, and product choice

43

Energy 144 (2018) 564e575

Contents lists available at ScienceDirect

Energy
journal homepage: www.elsevier.com/locate/energy

Evaluation of value chain conﬁgurations for fast pyrolysis of
lignocellulosic biomass - Integration, feedstock, and product choice
Jonas Zetterholm a, *, Elisabeth Wetterlund a, b, Karin Pettersson c, Joakim Lundgren a, b
a
b
c

Energy Science/Energy Engineering, Luleå University of Technology, SE-971 87, Luleå, Sweden
International Institute for Applied Systems Analysis (IIASA), A-2361 Laxenburg, Austria
€teborg, Sweden
RISE Research Institutes of Sweden, Eklandagatan 86, SE-412 61 Go

a r t i c l e i n f o

a b s t r a c t

Article history:
Available online 29 December 2017

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 transformation of traditional forest industry into bioreﬁneries.
© 2017 Elsevier Ltd. All rights reserved.
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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 valueadded 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

* Corresponding author.
E-mail address: jonas.zetterholm@ltu.se (J. Zetterholm).
https://doi.org/10.1016/j.energy.2017.12.027
0360-5442/© 2017 Elsevier Ltd. All rights reserved.

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 performance, 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 which make it suitable for replacing heavy fuel
oil in combustion applications [10], as well as useful as an intermediate 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

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 advantageous 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 knowledge, 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 ﬂuidised 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 systems 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 performance, 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 industrial 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 eliminating 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. Sawmills 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 investigated for a Canadian case, where an FP process using sawmill byproducts was evaluated and found beneﬁcial from a GHG performance perspective [28]. The study however considered no industrial 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

565

the economic feasibility of biofuel production, especially depending 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 promising in terms of economic and environmental performance [30,31].
It should be noted that the hydroprocessing of PL is not yet commercialised, 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 conﬁgurations regarding environmental as well as economic performance, 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 performance, measured as costs for production from well-to-gate, and
CO2 mitigation potential from well-to-use. This is done by performing a systematic analysis of the economic and CO2 performance of biofuel2 production from FP of lignocellulosic biomass,
depending on choice of (i) localisation, and (ii) end-product. Impacts 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 industry, 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 integrated with CHP plants in district heating systems, and FP integrated with pulp and paper mills, showing economic advantages
for industrial integration [27]. However, the study lacked evaluation 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 integrated cases two options were evaluated; (1) simultaneous investment 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 economic and CO2 performance is evaluated for each value chain
conﬁguration compared to the reference without biofuel production. For investment option 1, this means investment into the new
boiler without biofuel production, which means 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 production 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 a moisture
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 noncondensable 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 and mass balance of the process for the two different
feedstocks are shown in Fig. 2, based on [9,33]. The data is normalised 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 localisation 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 e while 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 feedstock, resulting in shorter transportation distances of the feedstock.
The stand-alone conﬁguration was assumed to follow the conﬁguration 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 the market as a fuel.

Fig. 1. Biofuel production system.

2.2.2. CHP integration
The integration with 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 annual

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 opportunity 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 investment 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 dimensioned 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 size was increased (compared to
without biofuel production) to satisfy high-temperature heat for
the FP process, and the steam ﬂow was increased to satisfy additional DH demand from the dryer.
2.2.2.2. Option 2: integration in an existing boiler. For the analysis of
integration with 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 system were assumed for the integration of biofuel
production. Because of this, the total HP steam ﬂow, 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 and mass balance
model, as illustrated in Fig. 3. The biofuel production capacity was
maximised given constraints on the boiler and the electricity production 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 corresponding 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
and was assumed to continue to operate at maximum capacity with

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.

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 investment 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 feedstocks, respectively. The boiler size was increased (compared to
without biofuel production) to satisfy the demand of hightemperature 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 sawn wood). 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
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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.

Average biomass availability [MWh/km2/a]
Stand-alone
CHP
Pulp and paper mill

Wood chips

Forest residues

153
þ20%
20%
50%

69
þ20%
20%
þ20%

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 investments 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 harvesting potential for the two feedstocks (wood chips and forest
residues) were calculated based on the estimated average harvesting potentials for Sweden [40]. Data for pulpwood from thinning 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]:

 
2R
D¼t
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 Engineering 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 possibility that the feedstock handling system, and possibly the O&M
cost, could be lower for the integration cases, compared to standalone 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 $D þ b$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 conﬁgurations 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 calculations 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

3

Exchange rates: 1.1 USD/EUR2015 [57], 0.14 USD/SEK2010 [58].
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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$C b ½MEUR2015 
Equipment
Including char combustor

FP unit

Feedstock

Range (C) [MW]

a

b

Flow which cost is scaled against

Wood chips

<52
52e108
<43
43e89
<52
52e108
<43
43e89
<52
52e108
108e161
<52
52e108
108e161

3.3
3.4
3.8
3.9
3.9
4.0
4.4
4.6
1.6
1.8
2.0
1.6
1.8
2.0
2.82
2.21
1.36
2.56

0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.67
0.89
0.70

PL ﬂow

[43]

PL ﬂow

[43]

Forest residues
FP þ hydroprocessing

Wood chips
Forest residues

Excluding char combustor

FP unit

Wood chips

FP þ hydroprocessing

Wood chips

High-pressure steam boiler
Steam cycle
Heat only boiler
a

<30
>30

Wood chips
Forest residues
Bark
Char
Electricity
El. certiﬁcate
H2
CRF
O&M

[EUR/MWh]

Source

16.4
16.2
13.4
16.4
21.0
14.3
62
0.1
4% of investment

[46,47]
[46,47]
[46,47]
[46,47]
[48]
[49]
[26]
Assumed
Assumed

Table 4
Sensitivity analysis. Parameters were varied from the base values given in Tables 2
and 3
Biomass pricea
Electricityb
H2
Capital investmentc
a

c

±50%
±50%
±50%
±50%

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

Table 5
Emission factors.

Heavy fuel oil
Diesel/petrol
Fossil coal
Average electricity mix
Marginal electricity production
H2 (electrolysis) (el. mix)
H2 (electrolysis) (marginal el)
H2 (Natural gas)
Biomass harvest a
Biomass transport
a

PL ﬂow

[43]

PL ﬂow

[43]

PL ﬂow

[43]

PL ﬂow

[43]

Boiler fuel load
El production
Boiler fuel load
Boiler fuel load

[44]
[45]

a

Own assumption. Assumed as 10% higher than the heat only boiler.

Table 3
Cost and price data.

b

Source

t-CO2/GWh

Source

293
282
382
95
571
152
915
299
1.5
29.4/km

[52]
[52]
[52]
[53]
[50]
[51,53]
[50,51]
[54]
[26]
[26]

Utilisation of biomass is considered CO2 neutral.

large share of hydropower, and thus the CO2 emissions are low.
However, the marginal 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 electricity 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 presented 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.
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Table 6
Annual system mass (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
CHP

WC

FR

WC

Option2: Integrated with existing boiler

Pulpmill
FR

WC

7838
6000
6000
7838
Operating time [h/ 7838
a]
Crude PL for use in stationary combustion applications [DGWh/a]/[Dkton/a]
Biomass
560/
543/
488/
430/
490/
243
235
211
186
212
Electricity
16/20/59/61/3/Char
0/0
73/9
0/0
0/0
0/0
PL
408/92
337/83
312/70
258/63
408/92
Upgraded PL to diesel and petrol [DGWh/a]/[Dkton/a]
Biomass
542/
543/
364/
327/
319/
235
235
158
142
138
Electricity
20/24/59/61/3/Char
153/22
214/26
0/0
0/0
0/0
H2
178/5
147/4
136/4
113/3
178/5
Diesel/petrol
401/34
331/28
307/26
254/21
401/34

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 investment cost, due to the investment in a steam turbine, which is

Fig. 5. Production costs and CO2 emissions from crude PL production, WC: wood chips,
FR: forest residues.

Sawmill

CHP

Pulpmill

FR

Small

Big

WC

FR

WC

FR

7838

7838

7838

6000

6000

7838

7838

418/
181
3/0/0
337/83

137/
59
19/0/0
90/20

1369/
594
194/0/0
899/203

554/
240
24/0/0
428/96

431/
187
3/0/0
312/77

321/
139
32/0/0
317/72

241/
105
39/0/0
246/60

276/
120
3/0/0
147/4
331/28

112/
48
19/0/0
39/1
88/7

1115/
484
194/0/0
393/12
884/75

384/
167
24/0/0
187/6
421/36

307/
133
3/0/0
136/4
306/26

32/0/0
139/4
312/26

188/82 138/60
39/0/0
108/3
242/20

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 investment 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 production 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 standalone case.
With the average electricity mix perspective, the well-to-wheel
CO2 emission reduction was found to be in the range of 187e282 tCO2/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 electricity 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
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Fig. 6. Production cost for transportation fuel production, WC: wood chips, FR: forest
residues.

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 alternative investment cases resulted in slightly lower cost for production 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.
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Compared to the production of crude PL (Fig. 5), the CO2 performance was in most cases reduced for the production of transportation 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 typically 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 standalone 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 production, 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 potential, 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 integration, 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 production. For the average electricity mix perspective, integration into an
existing boiler resulted in better performance.
3.3. Sensitivity analysis

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.

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 production cost for all cases, which was 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 production cost.
The biomass price had the largest inﬂuence on the production
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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 investment 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 investment 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 conﬁrms 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 production. 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 production 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 integration 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 capacity 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 performance 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 production 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
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production cost, due to the generalised conﬁguration with investment 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 examples 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 transportation fuel pathways, alternative upgrading pathways should
also be considered. As an example, centralised upgrading could
achieve signiﬁcant economy of scale beneﬁts from the hydroprocessing 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 transportation fuel cases. When considering a marginal electricity production 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 production 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 industry can have an important role to play in the transition towards
a bio-based economy. As the resulting production costs are nonetheless 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 unsupported 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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Abstract
Bioreﬁneries for the production of fuels, chemicals, or materials can be an
important contributor to reduce the dependence of fossil fuels. The economic performance of bioreﬁnery supply chains can be improved by diﬀerent
strategies, such as industrial integration in order to e.g. utilise excess heat
and products, economy of scale beneﬁts from increased plant sizes, and intermediate upgrading to reduce feedstock transport cost. The identiﬁcation of
cost-eﬃcient supply chain conﬁgurations is crucial in order to enable largescale introduction of bioreﬁneries.
In this work, a geographically explicit cost minimisation model is used
to investigate a forest industry integrated lignocellulosic bioreﬁnery concept
regarding the impact of diﬀerent economic conditions on the preferred supply
chain conﬁgurations. The considered bioreﬁnery is based on methanol production via black liquor gasiﬁcation, with the option to also add pyrolysis
liquids as a secondary feedstock in order to increase the production capacity. The analysis focuses on trade-oﬀs between high biomass conversion
eﬃciency and economy of scale eﬀects, as well as the selection of centralised
vs. decentralised supply chain conﬁgurations, for the case of Sweden.
The results show a clear economic advantage for the supply chain conﬁgurations with high biomass eﬃciency, for the cases when the bioreﬁnery was
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assumed to beneﬁt from an alternative investment credit due to replacement
of current capital intensive equipment at the host industry. The investment
credit inﬂuences the bioreﬁnery and biofuel production costs signiﬁcantly,
which illustrates the important role that industrial integration can play in
reducing the costs of bioreﬁneries. Decentralised supply chain conﬁgurations
were only favourable at very high biofuel production levels or under very
high biomass competition. Under lower biomass competition conditions, site
speciﬁc conditions were found to have a strong inﬂuence on the preference
for either centralised or decentralised conﬁgurations.
Keywords: bioreﬁnery, economy of scale, eﬃciency, supply chain, black
liquor, pyrolysis liquids

Nomenclature
BL

Black liquor

BLG Black liquor gasiﬁcation
CAPEX Capital expenditures
CEPCI Chemical engineering plant cost index
CHP Combined heat and power
DH

District heating

LHV Lower heating value
O&M Operation and maintenance
OPEX Operational expenditures
PL

Pyrolysis liquids

RB

Recovery boiler
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1. Introduction
Bioreﬁneries for the production of hydrocarbons in the form of fuels,
chemicals, or materials, can be an important contribution to reach a fossilfree economy. A number of factors inﬂuence the performance of bioreﬁnery
supply chains, such as biomass conversion eﬃciency, economy of scale eﬀects,
transportation costs, commodity prices, as well as the choice of transport
modes and facility localisation [1, 2].
A number of previous studies have shown that integration of bioreﬁneries
with other industries in order to, for example, be able to utilise excess heat
and by- or intermediary products, can be beneﬁcial [e.g. 3, 4]. Integration
with traditional forest industries can also be beneﬁcial in terms of infrastructure and logistics, due to the industries’ experience and knowhow regarding
operation of large-scale biomass supply chains. For bioreﬁnery concepts relying on internal industrial by-products as feedstock, the production capacity
will be limited by said feedstock. In order to increase the production capacity, additional feedstock is thus required. Depending on the process and
considered feedstocks, preprocessing of the added feedstock may be required.
The inclusion of preprocessing can enable decentralised upgrading of the
added feedstock, in order to increase the energy density before transport.
Decentralised supply chain conﬁgurations have been suggested as a method
to improve the economic performance by reducing the cost of transportation
[5, 6]. This approach may, however, not necessarily be favourable for all types
of bioreﬁnery supply chains. Forest-based bioreﬁnery supply chains in regions
with a highly developed forestry sector have, for example, been shown to in
general favour centralised supply chains [7, 8, 9], although a more dispersed
biomass availability can make distributed supply chains competitive [7].
Black liquor (BL) is a liquid intermediary product in the chemical pulping
process, which is conventionally 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 energy and chemical recovery route [10, 11],
and BLG with downstream biofuel production has been shown to provide
high conversion eﬃciency and economic feasibility [12, 13]. The high alkali
content of the BL provides a catalytic eﬀect during gasiﬁcation that allows
for lower temperature conditions, thus yielding a higher carbon conversion
eﬃciency and reduced speciﬁc biomass usage [14].
For a pulp mill facing an investment in a new RB, the alternative invest3

ment in BLG instead of in the RB, can improve both the process economics
and the energy eﬃciency of the mill [15]. The BL availability is closely related to the pulp production, which in turns sets an upper limit on the total
gasiﬁcation-based production capacity for a given BL volume. The RB represents a major investment 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 at any
given time only a few 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 highly limited.
The production capacity of a speciﬁc site, given the available BL, can be
increased by blending the BL with an additional liquid feedstock [16]. By
using a fast pyrolysis process to produce pyrolysis liquids (PL), several types
of biomass could be converted into a suitable form to blend with the BL for
gasiﬁcation. This enables the PL to piggy-back on the catalytic eﬀect from
the BL, which yields a higher conversion eﬃciency compared to gasiﬁcation
of only PL. Due to the signiﬁcantly higher energy density of PL compared to
BL, a blend-in of 50wt% results in a tripled energy input for a given volume
of BL, which results in increased economy of scale eﬀects for the gasiﬁcation
facility [17].
Co-gasiﬁcation of BL and PL has been proven both in lab- and pilot-scale
facilities [18, 11], and has been shown to be economically favourable for small
pulp mills [13]. Compared with pure BLG, BL/PL co-gasiﬁcation 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 the PL is
produced externally and transported to the pulp mill. Further, the PL 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, compared to BLG,
is highly inﬂuenced by the cost for PL [13], 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 various types of biomass via fast pyrolysis,
with yields that can reportedly reach 75 wt% [19]. Increased eﬃciency and
reduced production costs can be reached with integration [20, 21].
In order to be able to fully evaluate the supply chain performance for
BL/PL co-gasiﬁcation, the simultaneous consideration of the PL production and the co-gasiﬁcation is required, including localisation and supply
chain conﬁgurations for both the fast pyrolysis and the gasiﬁcation facility.
4

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 programming (MILP) (see
e.g. [22, 23]). Geographically explicit approaches are suitable for investigation of bioreﬁnery supply chains, since they can capture local and regional
characteristics, such as the spatial distribution of the feedstock supply and
of existing biomass demand, the and localisation of existing industrial infrastructure, which can on the one hand provide integration opportunities,
but which, on the other hand, may also constitute competition for biomass
feedstock.
The overall aim of this work is to investigate an industrially integrated
forest bioreﬁnery concept with focus on how diﬀerent economic conditions
aﬀect the preferred types of supply chain conﬁgurations. The investigated
bioreﬁnery concept is based on gasiﬁcation of black liquor (BL), with or
without addition of pyrolysis liquids (PL), with downstream production of
methanol for use as transport fuel. Three basic type of supply chain conﬁgurations are considered: (1) pure BLG, (2) co-gasiﬁcation of BL/PL with
on-site production of the PL, and (3) co-gasiﬁcation of PL/BL with oﬀ-site
PL production. Of particular interest are potential trade-oﬀs in performance
between high biomass conversion eﬃciency and economy of scale eﬀects, 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, considering the explicit localisation options for both gasiﬁcation/biofuel production plants, and fast pyrolysis facilities, as well as
competing biomass demand. The results from the analysis will provide general insights regarding determining factors for centralised vs. decentralised
supply chain conﬁgurations, as well as further increase the knowledge basis
regarding bioreﬁnery concepts based on gasiﬁcation of BL.
2. Method
2.1. Studied system
This study concerns industrially integrated forest bioreﬁnery supply chains
for methanol production based on gasiﬁcation of BL, with and without addition of PL. The technologies were conﬁgured to produce methanol for usage
in the road transport sector. Methanol was chosen due to the high well-to-
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wheel eﬃciency, the possibility to use as a blend-in fuel, and the suitability
as a platform chemical for the synthesis of other fuels and chemicals [24].
The geographical scope of the study was limited to the national borders
of Sweden, due to the well-developed forestry sector and well-established
utilisation of forest biomass for material as well as energy purposes. The
focus was thus on the domestically available resources in terms of biomass
and industrial facilities. Localisation of the methanol production was limited
to the 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. For PL production, considered localisations included both on-site
production at the chemical pulp mills, and hand oﬀ-site production in standalone facilities or in facilities integrated with either sawmills or CHP plants
in district heating (DH) systems.
Four diﬀerent supply chain conﬁguration scenarios for methanol production were evaluated:
(1) BLG: Black liquor gasiﬁcation, representing a value chain conﬁguration
with maximised biomass conversion eﬃciency (see [13]).
(2) BL/PL-(i): Co-gasiﬁcation of BL and PL with a centralised supply chain
i.e. production of PL at the gasiﬁcation plant, representing a value chain
with a possibility to signiﬁcantly increase the economy of scale eﬀects
(compared to (1) BLG), but with higher biomass transport costs.
(3) BL/PL-(e): Co-gasiﬁcation of BL and PL with a decentralised supply
chain i.e. oﬀ-site production of PL, representing a value chain with the
possibility to signiﬁcantly increase the economy of scale eﬀects (compared
to (1) BLG), but with lower biomass transport cost and increased capital
costs due to the intermediate upgrading of biomass to PL (compared to
(2) BL/PL-(i)).
(4) All technologies considered simultaneously. This scenario represents an
overall value chain conﬁguration which allows for a mix of separate conﬁgurations from options (1)-(3).
The supply chain conﬁguration scenarios (1)-(3) are illustrated in Figure
1.
2.2. Model description
The geographically explicit model BeWhere Sweden was used for the
analysis [25, 26]. BeWhere Sweden is a mixed linear programming (MILP)
6
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Figure 1: Evaluated supply chain conﬁguration scenarios. Scenario (4) (not shown in
ﬁgure) corresponds to the combination of options (1)-(3).

model written in GAMS and using CPLEX as the solver. The model is a
bioreﬁnery localisation model that minimises the total supply chain cost,
considering a large number of sites of importance for biomass supply and
demand. Competing industries and potential bioreﬁnery sites are considered
individually, with site-speciﬁc data on energy and biomass balances. The
model uses a spatial grid of 334 cells with a half degree resolution, which is
used for the representation of e.g. biomass demand and supply, and product
demand.
In this study, the model objective was set to minimisation of the supply
chain cost to satisfy a determined methanol demand for usage in the road
transport sector, while simultaneously satisfying the biomass demand from
other sectors (forest industry and stationary energy sector). 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.
2.3. Supply chain performance evaluation
The performance of each of the four considered supply chain conﬁguration
scenarios was evaluated in terms of total biomass usage, total supply chain
cost, and total supply chain CO2 emissions, for diﬀerent levels of methanol
production (see Section 2.5). Each scenario model run was compared to
a reference scenario without methanol production. Any changes compared
to the reference scenario were attributed to the methanol production, thus
also capturing indirect system eﬀects, such as changes in biomass costs or
transport distances for facilities not converted to bioreﬁneries. The methanol
7

supply chain biomass usage thus covers all the system changes in biomass
usage, including not only biomass directly used for the bioreﬁneries, but also
potential changes for other biomass users, in particular regarding 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. Regarding CO2 emissions, system changes in emissions from
transport, electricity usage, and fossil fuels were considered.
In summary, the supply chain methanol production performance evaluated in this study represents the system performance, which can diﬀer from
the site-speciﬁc performance.
2.3.1. Alternative investment
It was assumed that the considered host industries are facing major energy investment where boilers and/or steam turbine(s) are at the end of
their lifetime. The industries have a choice of investing in either (1) conventional technology (i.e. new boilers and, if applicable, steam turbines), or (2)
gasiﬁcation-based methanol production and, if necessary, additional boilers
and turbines, in order to satisfy the host industry’s base utility requirements. This reasoning is motivated by that gasiﬁcation of BL constitutes
an alternative recovery route for the chemicals and energy in the BL, as has
been described in the Introduction. Investment in BLG (or in BL/PL cogasiﬁcation) can thus be expected to take place when the recovery boiler is
due for replacement or refurbishment. In order to be consistent, this reasoning is extended to the other required new investments as well (i.e. the PL
production).
Consequently, the CAPEX and OPEX of the investment in methanol production were determined from the additional cost compared to the conventional investment for each speciﬁc host site. A consequence of this approach
is that all host industries have been assumed to face an investment at the
same time, which is clearly unrealistic. The choice of this approach was motivated in order to not exclude any localisations from the analysis, and to be
able to explore general system characteristics.
2.4. Input data
2.4.1. Host industries, integration and localisation
There are 21 chemical pulp mills in Sweden, which were all included in
the work as potential bioreﬁnery host sites. All pulp mills were considered
8

for all types of supply chain conﬁgurations, i.e. BLG (1) as well as BL/PL
co-gasiﬁcation with either on-site (centralised, 2) or oﬀ-site (decentralised,
3) PL production.
The data required for the pulp mills was estimated based on [27, 28],
regarding pulpwood demand, BL availability, process steam demand, and
electricity demand and generation. The internal demand for medium- and
low-pressure steam at the diﬀerent pulp and paper mills was estimated based
on generalised data for diﬀerent types of standard mills, depending on the
production, as presented in [29]. The individual mills were, depending on
their respective production, classiﬁed as; integrated ﬁne paper mill, bleached
kraft market pulp mill, kraftliner mill, or a combination of the three mill
types.
For the decentralised supply chain conﬁguration, BL/PL-(e) (3), 35 CHP
plants in DH networks, 21 sawmills, and 41 diﬀerent stand-alone locations
were considered as potential locations for PL production.
Sawmill data was based on data from the Swedish Forest Industries Federation (SFIF) [30], and general correlations between sawn wood and byproduct yields [31]. For PL production in sawmills, the fast pyrolysis process
was dimensioned to utilise all available wood chips on site. All sawmill heat
demand was assumed possible to cover with DH-level heat (97℃, 0.9 bar(a)).
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,
as well as an investment in a steam turbine. For the alternative investment
without PL production, investment in a new heat only boiler was considered.
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
fast pyrolysis plant. The size of the fast pyrolysis unit was limited to one
single reactor, and the boiler size was adjusted to satisfy the heat demand
of the fast pyrolysis process, as has been described in [21]. As alternative to
investment in fast pyrolysis, investment in a new high-eﬃciency replacement
CHP plant (boiler and turbine) was considered.
For stand-alone PL production, forest terminals were used to represent
suitable stand-alone locations, in order to ensure transport connectivity. The
size of the stand-alone PL production was limited to one or two fast pyrolysis
reactors (see Section 2.4.2). This corresponds to a maximum PL production
capacity of 108 and 90 MWth .
An annual availability factor of 90% was used (giving an annual operating time of 7,884 h/a), for all localisations except the CHP plants. For
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CHP plants, integration of fast pyrolysis was assumed to enable an increased
annual operating time, due to extended heat load availability over the year
[32, 33]. An annual operating time of 6,000 h/a was thus considered for fast
pyrolysis integrated CHP, while the operating time for alternative investment
CHP plants was limited to 4800 h/a.
2.4.2. Techno-economic input data
The techno-economic performance parameters for BLG and co-gasiﬁcation
were taken from [13]. Two diﬀerent options were considered for the cogasiﬁcation technologies: 20 wt% or 50 wt% PL blend in the BL. In the
gasiﬁcation based biofuel production, steam is produced from cooling of e.g.
the syngas and the synthesis reactor. The steam 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 steam and a surplus of low-pressure steam. To satisfy the
steam demand of the pulp mill and the integrated methanol production facility, investment into an additional boiler is thus considered, when necessary.
Moreover, when the RB is replaced by BLG, the recovery route of the pulping
chemicals is altered and the composition of the recycled alkali stream (green
liquor) is diluted, which results in a higher energy demand in the lime kiln
[13], which has also been considered here. 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.
Regarding the fast pyrolysis performance, diﬀerent process eﬃciencies
were considered for low ash (e.g. wood chips) and high ash (e.g. forest
residues) feedstocks [34, 35]. For the supply chain conﬁguration BL/PL-(i)
(2), with on-site production of PL, the fast pyrolysis unit was modelled as
integrated with the biomass boiler on site. The process was dimensioned to
produce all PL required for either a 20 or 50 wt% blend of PL in the BL. For
a decentralised production of PL (3), the dimensioning of the PL was done
according to localisation and host industry characteristics (integrated with
samwills or CHP plants, or as stand-alone facilities), as has been described
in Section 2.4.1.
The size of one fast pyrolysis reactor was for all localisation options limited to 15 t-dry feed/h [36]. This corresponds to 72 MWth of biomass input,
and 54 and 45 MWth of PL production for low and high ash feedstock, respectively. In the case of a site needing a larger PL production, several
reactors in parallel were considered. Any surplus char and gas from the pro10

cess was used to provide process heat for the internal processes. In case of
surplus by-products, they were assumed possible to sell to the market.
The normalised energetic yields and demands of the major equipment
considered are shown on in Table 1, based on one unit of feedstock input
(biomass or BL).
Table 1: Normalised energetic yields and demands of major equipment on LHV (lower
heating value) basis. Positive values correspond to outputs and negative to inputs
Methanol

Pyrolysis
liquids

Biomass

Black
liquor

High
temperature
heat1

Meduim
pressure
steam2,8

Low
District
pressure
heating4
steam3,8

Char/gas
byproduct5

Fast
pyrolysis
0.75
-1
-0.25
0.48
(low ash)
Fast
pyrolysis
0.62
-1
-0.23
-0.32
0.85
(high ash)
BLG6
0.54
-1
-0.04
0.21
0.04
BL/PL
0.90
-0.51
-1
-0.08
0.25
0.06
20wt6
BL/PL
1.93
-2.05
-1
-0.19
0.40
0.13
50wt7
1
Heat provided directly from the boiler (as sand from the ﬂuidised bed).
2
Steam 10 bar(a), 200℃.
3
Steam 4.5 bar(a), 150℃.
4
DH heat, 0.9 bar(a), 97℃.
5
By-product including what is internally combusted to produce heat.
6
Increased lime kiln load by 30%.
7
Increased lime kiln load by 78%.
8
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.

Electricity

Source

-0.04

[34, 35]

-0.06

[34, 35]

-0.11

[13]

-0.16

[13]

-0.30

[13]

The parameters for calculating the investment costs of the major equipment are presented in Table 2. The investments were discounted over the
assumed economic lifetime using an annuity factor of 0.13, corresponding to
e.g. 11.5% interest rate and 20 years lifetime. The O&M cost was set to 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) [37].
Beneﬁts from integration were only considered from the avoided cost of
the alternative investments, and from the heat integration with the host
industries. No additional beneﬁts from integration were considered, such as
beneﬁts from feedstock handling and potentially reduced O&M costs for the
integration cases compared to stand-alone operation.
2.4.3. Forest biomass supply and demand
For the supply of biomass, both primary resources from forestry operation (sawlogs, pulpwood, harvesting residues, and stumps) and secondary
11

Table 2: Investment cost function for the major equipment considered in this study. C is
the capacity of the dimensioning energy ﬂow in MW.
Investment Cost = a · C b [MEUR2015 ]
C
a
b
Source
[MW]
BLG
6.15 0.7
BL
[13]
BL/PL 20wt%
7.11 0.7
BL
[13]
BL/PL 50wt%
10.9 0.7
BL
[13]
Fast pyrolysis w
produced
2.08 0.81
[36]
comb.chamber
PL
Fast pyrolysis w/o
produced
1.61 0.76
[36]
comb.chamber
PL
biomass
Heat only boiler
2.56 0.7
[38]
feed
biomass
Steam boiler
2.82 0.7
*
feed
Recovery boiler
2.52 0.7
BL
[26]
produced
Steam cycle
2.21 0.67
[39]
electricity
*Assumed 10% higher than heat only boiler

resources (forest industry by-products) were considered. The spatially explicit supply potential for primary forest biomass was estimated based on scenarios from the Swedish Forest Agency’s forest impacts assessment (SKA 15)
[40] (”Current forestry” scenario), where future harvesting operations (ﬁnal
felling and commercial thinning) have been modelled. For more details, see
[41, 26, 7]. For forest industry by-products, two diﬀerent assortments were
included: sawmill wood chips and low-grade industrial by-products (e.g. bark
and sawdust). The modelled quantities were based on modelled production
volumes (site speciﬁc) and generic yield relations [30, 42, 31]. The focus in
this study was on utilisation of domestic resources and biomass imports were
restricted to current levels. A cap on the import was set to 5 and 15 TWh
for sawlogs and pulpwood, respectively, which can be compared to current
net import volumes of 2.5 and 12 TWh [43].
Competing demand from the forest industry (pulp mills, sawmills and
pellets industries) as well as the stationary energy sector (heat and electricity
production) was considered spatially explicitly. The demands were described
statically on an annual basis in the model, based on current production and
demand (2015) [30, 42, 27, 44, 45, 46].
Figure 2 shows the modelled spatial distribution of biomass supply (top)
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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 assortments each sector
can use.

Figure 2: Modelled spatial distribution of biomass supply (top) and competing demand
(bottom). All values are given in TWh/a. Stemwood includes both sawlogs and pulp
wood. Harvesting residues includes branches and tops.

Table 3: Aggregated
Biomass assortment
Sawlogs
Pulpwood
Harvesting residues
Stumps
Sawmill chips
Low-grade by-products

modelled biomass supply.
Supply potential [TWh/a]
89
66
37
16
25
23
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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
Demand sector

Aggregated
demand
[TWh/y]

Sawlogs

Pulp
wood

Harv.
residues

Sawmills
75
x
(sawn products)
Sawmills
4.1
(heat demand)
Pulp and paper
93
x
x
mills (pulp)
Pulp and paper
25b
x
x
mills (heat demand)
Pellets
8.1
production plants
Stationary
energy
28
x
x
(DH and CHP)
Fast pyrolysis
variable
x
(low ash)
Fast pyrolysis
variable
x
(high ash)
BLG,
variable
x
x
BL/PLc
a
The modelled domestic production amounts to 8.1 TWh, and
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.
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Stumps

Sawmill
chips

Low-grade
Wood pelletsa
by-prods.

x

x

x
x

x

x

x

x

x

x

x

x

x
x

x

x

x

x

x

in addition to this, pellets can be

2.4.4. Transportation 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. Methanol was assumed
to be transported from the bioreﬁnery to blending terminals [47, 48], for
distribution to ﬁnal consumers.
Costs for transportation were based on [7] and CO2 emissions on [49].
Transportation cost and emissions are shown in Table 5.
Table 5: Cost and CO2 emissions for transporting diﬀerent energy carriers. d is the
transport distance in km

.

Pulpwood and sawlogs
Harvesting residues
Pyrolysis liquids
Methanol

Transport cost
[MEUR/TWh] [7]
Truck
Rail
0.33+0.026*d 1.32+0.0021*d
1.10+0.035*d 1.92+0.0028*d
0.15+0.018*d 0.36+0.0009*d
0.12+0.014*d 0.28+0.0007*d

CO2 emissions
[tCO2 /TWh,km] [49]
Truck
Rail
20.2
10.3
25.1
12.8
11.05
5.63
6.5
3.3

2.4.5. Energy carriers
All ﬂows of biomass and other energy carriers were converted to energy
units on an LHV basis, including biomass not used for energy purposes (i.e.
forest industrial demand for sawlogs and pulpwood). For conversion between
units, conversion factors of 0.42 odt/m3 (oven dry tonnes of wood) and 4.9
MWh/odt (energy content of woody biomass) were applied [46].
In order to estimate the spatial variation in forest biomass costs, a bottomup 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 more in detail in [26, 7, 41]. 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 the usage of fossil-based methanol, for calculating the avoided
fossil emissions.
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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.
Table 6: Energy prices and CO2 emissions
Base price (2016) CO2 emissions
[EUR/MWh]
[t-CO2 /MWh]
Electricity
21.0
95
Sawlogs
22.9*
Pulpwood
15.2*
Tops and branches
15.3*
Stumps
22.1*
Sawmill chips
11.4
Industrial by-products
10.4*
Wood pellets
26*
Imported biomass
10% higher than domestic
Fossil fuel based methanol
264
*Average prices in Sweden

Source
[50, 51]
[52, 53]
[52, 53]
[53]
[54, 53]
[54, 55]
[53]
[53]
Assumed
[56]

2.5. Model runs
The model objective was set to satisfy a given methanol demand and minimise the total system cost, while still satisfying the competing industries’
biomass demand. Each of the four supply chain conﬁguration scenarios ((1)
BLG, (2) BL/PL-(i), (3) BL/PL-(e), and (4) All technologies), was investigated for methanol production levels in the range of 0 to 36 TWh/a. In case
a model run was constrained by biomass availability or number of facilities
available for conversion (see below) prior to reaching the 36 TWh/a target,
the scenario evaluation was capped at a lower level, for model feasibility reasons. As has been described, the co-gasiﬁcation cases were limited to a blend
in of PL of either 20wt% 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 (”All recover boilers” scenario). In order to acknowledge
for age of existing 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 (”Old
recovery boilers” scenario).
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As described in Section 2.3.1, this study has applied an alternative investment perspective where an investment credit is received. To quantify the
economic beneﬁt from integration, all the four supply chain conﬁguration
scenarios were also evaluated without considering the alternative investment
credit.
The scenarios were evaluated for biomass usage in the system, total supply chain cost and carbon footprint, where direct CO2 emissions related to
transport and electricity generation, as well as mitigated fossil emissions,
were considered. This was done in comparison with the reference scenario
without methanol production, as described in Section 2.3.
2.5.1. Sensitivity analysis
In order to evaluate the robustness under diﬀerent economic conditions,
the supply chain conﬁguration scenarios were analysed using a sensitivity
analysis for diﬀerent prices for energy carriers as well as diﬀerent transportation costs, as summarised in Table 7. In the sensitivity analysis, all possible
combinations of these parameters were investigated. The analysis included
a Base case (derived from current costs and prices) for all parameters. For
biomass feedstock prices and biomass transportation costs, a Low and a High
case were also included, while for electricity prices only a High case was considered. Low electricity price was not investigated, due to the current prices
on the spot market being low.
Table 7: Range of the values for the parameters studied for the sensitivity analysis.
Low case Base case High case
Biomass price
-50%
Current
+50%
Biomass transport cost
-50%
Current
+50%
Electricity price
Current
+50%

3. Results
3.1. Supply chain performance - Base case
As has been described in Section 2.1, the four bioreﬁnery supply chain
conﬁguration 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 case,
where current energy prices and the base transport costs were applied.
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Figure 3 shows the resulting total supply chain methanol costs for the
evaluated methanol production levels (0-36 TWh/a) for the four supply chain
conﬁguration scenarios, and for both the two considered host pulp mill availability scenarios: ”Old recovery boilers” (where only pulp mills with RBs
older than 25 years were considered), and ”All recovery boilers” (where all
pulp mills were included). Figure 4 shows the corresponding resulting number of bioreﬁnery plants required to meet the modelled methanol production
levels, for the same combinations of scenarios.
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Figure 3: Supply chain methanol production costs for the four supply chain conﬁguration
scenarios (1-4), for the two considered host availability scenarios: ”Old recovery boilers”
(left), and ”All recovery boilers” (right).

As the ﬁgures show, the maximum methanol production in the BLG only
supply chain conﬁguration scenario (1) was capped at about 12 TWh/a in
the ”Old recovery boilers” host availability scenario, and at 20 TWh/a in
the ”All recovery boilers” scenario. Accordingly, in order to reach methanol
production levels above 20 TWh/a, feedstock blending would be required.
From a supply chain cost perspective, the results show supply chain conﬁguration scenario (1) BLG as economically favourable compared to the cogasiﬁcation cases, which indicates that high biomass conversion eﬃciency
was favoured over larger facilities. This was also conﬁrmed when examining
the blend-in options favoured by the model, where a strong preference for
the 20wt% blend-in of PL was shown (Figure 4, unﬁlled markers). Facilities
applying a 50wt% blend-in of PL (Figure 4, ﬁlled markers), which represents
very large scale facilities, only appeared in the solution when the number
of facilities was the limiting factor of the production capacity. For the ”All
recovery boilers” scenario, this only occurred at the maximum investigated
methanol production level (36 TWh/a), while for the ”Old recovery boilers”
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scenario, high blends occurred in the model solution already at 20 TWh/a
of methanol production. These results can be explained by the lower overall
supply chain biomass conversion eﬃciency from the increased usage of PL,
as well as the increased transportation cost with large facilities.
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(3) BL/PL-(e)
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All recovery boilers
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20
40
Total methanol
production [TWh/a]
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Figure 4: Number of facilities converted to methanol production for the four supply chain
conﬁguration scenarios (1-4), for the two considered host availability scenarios: ”Old recovery boilers” (top), and ”All recovery boilers” (bottom).

Figure 3 shows that at high methanol production levels, the decentralised
(3) supply chain conﬁguration resulted in slightly lower supply chain costs,
compared to the centralised conﬁguration (2), which also conﬁrms previous
research ﬁndings for forest-based bioreﬁnery supply chains [7]. However, for
lower production levels, little or no diﬀerence can be discerned in the resulting supply chain costs for the two BL/PL supply chain conﬁgurations. This
is further conﬁrmed by Figure 4 for the all technologies supply chain conﬁguration scenario (4), where no clear advantage can be detected for either the
centralised or the decentralised conﬁguration. This would indicate that the
cost advantage for centralised or decentralised conﬁgurations depends less on
inherent characteristics of the supply chain conﬁgurations, and more on the
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speciﬁc site locations and bioreﬁnery technologies.
The assumed host availability was also shown to have a major impact on
the supply chain cost. When allowing all chemical pulp mills as potential
candidates for conversion to bioreﬁneries (”All recovery boilers” scenario),
the supply chain cost was on average reduced by 5.7, 10, 8.8, and 11% for
supply chain conﬁguration scenario (1) BLG, (2) BL/PL-(i), (3) BL/PL-(e),
and (4) All technologies, respectively, as opposed to restricting to only sites
with old boilers (”Old recovery boilers” scenario). The main contributor
for this cost reduction was that larger pulp mills became available as localisations, which resulted in a lower speciﬁc investment cost for each speciﬁc
technology conﬁguration, which further conﬁrms the result that suitable host
locations can suppress biofuel production costs.
The potential trade-oﬀs between supply chain cost, CO2 emission mitigation, and biomass usage are displayed in Figure 5. The ﬁgure shows the
BLG supply chain conﬁguration (1) as 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
total CO2 mitigation potential correspondingly. Allowing for the inclusion of
co-gasiﬁcation (supply chain conﬁguration scenarios (2-4)) resulted in higher
possible total CO2 mitigation. This, however, comes at a cost of signiﬁcant
increase in total as well as speciﬁc biomass usage, and consequently a lower
CO2 mitigation potential per unit of biomass used.
Figure 5 shows that the diﬀerent supply chain conﬁgurations exhibit very
similar CO2 mitigation potential. The reason is that the mitigated fossil
methanol emissions dominates the total mitigation potentials for all supply
chain conﬁgurations, with emissions related to transports within the supply
chain having only a minor contribution.
3.2. Alternative investment beneﬁt
As described in Section 2.3.1, a fundamental assumption for the bioreﬁnery conﬁgurations investigated in this study has been 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 case (presented
in the previous section), an investment credit for the alternative investment
in a new RB was consequently rewarded the methanol production. Figure 6
shows the resulting supply chain methanol cost with the investment credit
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Figure 5: Trade-oﬀs between performance indicators: supply chain cost vs. CO2 mitigation (top), and biomass usage vs. CO2 mitigation (bottom), for the four supply chain
conﬁguration scenarios (1-4) and the two considered host availability scenarios.

removed. As the results show, the investment credit for alternative investments had a large impact on not only the supply chain methanol production
cost, but also on the merit order of the diﬀerent conﬁgurations.
Figure 6 thus illustrates the beneﬁt from industrial integration when the
bioreﬁnery investment can replace equipment currently in use at the facility.
Moreover, the ﬁgure shows a signiﬁcant potential to reduce the total supply
chain methanol cost, by being able to beneﬁt from assumed alternative required investments. This can in particular be attributed to the alternative
investment credit for the RB, which is in the range of 30-40 EUR/MWh for
BLG (1), and about 20 EUR/MWh for the co-gasiﬁcation cases (2-3).
Further, Figure 6 clearly shows that a large part of the advantage in
terms of preferred supply chain conﬁguration (preference for BLG (1) over
co-gasiﬁcation (2-3)) also originates from the RB investment credit. Without
this credit, co-gasiﬁcation is always beneﬁcial over BLG only, for methanol
production levels over 3 TWh/a, and can be preferable over BLG also at
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Figure 6: Resulting supply chain costs with (un-ﬁlled markers) as well as without (ﬁlled
markers) alternative investment credit, for the three diﬀerent supply chain conﬁgurations
(1-3), for the ”All recovery boilers” host availability scenario.

lower production levels.
The resulting supply chain costs can be compared with current fossil
methanol prices of 40-81 EUR/MWh [57], which shows that the investment
credit is necessary to make the gasiﬁcation based methanol production competitive to fossil methanol, even at the higher end of the range. This highlights the importance of being able to utilise current industrial infrastructure
in order to achieve 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 considered in this
study presumed gasiﬁcation of all BL on site. For the co-gasiﬁcation concepts, a more feasible alternative conﬁguration could be to only utilise part
of the BL on site, and still reach economies of scale due to the feedstock
addition. For this type of conﬁguration, the investment credit would then be
incorrect to include.
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3.3. Price and cost sensitivity
Given the uncertainty regarding future price development, it is of particular importance to identify bioreﬁnery technologies which are robust to
changing market conditions. For the technology conﬁgurations considered
here, the sensitivity analysis regarding changes in the electricity price turned
out to have only a minor impact on the total supply chain cost. In contrast,
changes in the biomass price, and to a lesser extent the biomass transportation cost, turned out to have a major impact on the resulting supply chain
costs. This is illustrated in Figure 7 where the High (+50%) and Low (-50%)
case sensitivity analyses are shown, for respective parameter.
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Figure 7: Impact of biomass price (left) and biomass transportation cost (right) on the
resulting supply chain cost. The supply chain cost curves are shown for the High (+50%,
dashed lines) and Low (-50%, dotted lines) case sensitivity analyses for the four supply
chain conﬁguration scenarios (1-4), for the ”All recovery boilers” host availability scenario.

As could be expected, an increased biomass price resulted in a greater cost
advantage for BLG (1) compared to BL/PL co-gasiﬁcation (2-3), due to the
lower biomass usage. However, even with a 50% decrease in the biomass price,
BLG still resulted in lower supply chain cost than co-gasiﬁcation, although to
a much lesser magnitude. This shows that the biomass conversion eﬃciency
has a larger impact on the total supply chain cost than beneﬁts from economy
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of scale, when the economy of scale comes with the drawback of reduced
overall biomass eﬃciency (as is the case when fast pyrolysis is introduced as
an intermediate step).
Changes in the biomass transportation cost had a signiﬁcantly lower impact on the supply chain costs, compared to when varying the biomass price.
As could be expected, increase or decrease of the transportation costs slightly
shifted the preference regarding decentralised or centralised supply chain
conﬁguration. However, the changes do not create a signiﬁcant diﬀerence
between the BL/PL-(i) (2) and BL/PL-(e) (3) conﬁgurations.
All the economic conditions that were tested in the sensitivity analysis
generally yielded lowest supply chain costs for the BLG conﬁguration (1).
Figure 8 shows the combinations of varied parameters that resulted in the on
average lowest supply chain cost diﬀerence between BLG (1) and BL/PL-(i)
(2), and BLG (1) and BL/PL-(e) (3), respectively. The economic conditions
for those two cases both had a low biomass price and current electricity prices.
The case favouring the centralised supply chain (2) was further characterised
by low biomass transport cost, while the decentralised (3) favoured case was
characterised by high transport cost.
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Figure 8: Supply chain methanol production cost for the four supply chain conﬁguration
scenarios (1-4) (top), and resulting technology mix for the ”All technologies” scenario (4)
for the sensitivity analysis parameter combinations that favoured (left) the centralised
supply chain conﬁguration (2) (biomass -50%, biomass transportation +50%, electricity 50%) and (right) that favoured the decentralised conﬁguration (3) (biomass -50%, biomass
transportation -50%, electricity -50%).
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Figure 8 shows that BLG, in general, showed a lower supply chain cost
compared to the co-gasiﬁcation cases, when restricting the choices to only
one single supply chain conﬁguration. However, the ”All technologies” scenario was shown to introduce co-gasiﬁcation at signiﬁcantly lower methanol
production levels, compared to for the Base case with current energy prices
and biomass transportation costs (compare to Figure 4).
Figure 9 illustrates the interaction of changes in biomass price, electricity
price, and biomass transport cost and how this inﬂuences the supply chain
methanol production cost as well as the total biomass usage, for the ”All
technologies” scenario (4). The magenta coloured line represents the extreme
case, with all three varied parameters set to high. The multi-coloured arrows
shows the direction in which the supply chain cost and total biomass usage,
respectively, change, when reducing the energy prices and transport costs.
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Figure 9: Inﬂuence on biomass usage and supply chain cost depending on examined economic conditions for the ”All technologies” supply chain conﬁguration scenario (4), and
the ”All recovery boilers” host availability scenario. The magenta coloured line represents
model runs with the High case applied for all varied parameters.

The ﬁgure shows that at the highest evaluated methanol production level
(36 TWh/a), the changes in economic conditions heavily aﬀect not only the
supply chain cost, but also the system’s total biomass usage. A decrease in
biomass price, as could be expected, had a very high impact on the resulting
supply chain cost, for all tested cases (green arrows). Regarding the biomass
usage, the response to a reduced biomass price was, however, less straightforward. While it could be expected that a decreased biomass price would
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lead to either no diﬀerence, or to an increase of the system’s biomass usage,
this response was not always observed. Rather, the impact on biomass usage
was inﬂuenced by the interaction with other costs in the system.
Similarly, decreased biomass transport costs would also in general lead to
lower system biomass usage at high methanol production levels. The explanation to this behaviour can be found in that when the biomass transport cost
was decreased, the model opted for longer biomass transport distances in order to be able to involve facilities with higher biomass conversion eﬃciency,
rather than using facilities closer to the biomass supply (shorter transport
distance), but with lower biomass conversion eﬃciency.
4. Discussion
Previous research conducted on individual plant level has shown economic
beneﬁts of co-gasifying BL with PL, compared to BLG only. This study has
expanded the system boundary to the national level, in order to consider
the full supply chains. The results show that the beneﬁts from economy of
scale eﬀects do not outweigh the disadvantage from lower system resource
eﬃciency, and that large pulp mills implementing pure BLG would give the
lowest methanol supply chain costs.
However, the economic advantage of BLG was found to be highly sensitive
to the inclusion of a credit for the avoided investment in a new recovery boiler.
When the investment credit for the RB was removed, the co-gasiﬁcation cases
became favourable compared to the BLG. However, as the analysed core
concept relies heavily on the replacement of the RB, as all BL is assumed
to be mobilised for gasiﬁcation, to exclude the alternative investment credit
would be to disregard the fact that this conﬁguration would by necessity
replace major equipment in the mill. This shows the large beneﬁt for the
industrial integration of bioreﬁneries, for cases where there is a possibility to
replace very capital intensive industrial equipment on site. It also highlights
the important role that current industry can play in reaching a cost eﬃcient
large-scale introduction of bioreﬁneries.
Even though the economic results seem to contest the relevance for PL/BL
co-gasiﬁcation when alternative investments are considered, other important aspects can be identiﬁed that could increase the signiﬁcance of the cogasiﬁcation concept. For example, this concept would permit for converting
underutilised, low-grade biomass to high energy PL for further upgrading via
a proven and eﬃcient route. It also presents a path for a mill to use a partial
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stream of BL, and blend in PL in order to reach larger production capacities
and economy of scale beneﬁts.
It can be noted that all technology concepts investigated here would require replacement of major process equipment, as well as heavy process integration at the mill, which leads to signiﬁcant uncertainties regarding in
particular the investment cost. These high uncertainties should inﬂuence
the willingness to invest and it is recommended to further investigate and
quantify how diﬀerent uncertainties inﬂuence the willingness to invest.
This work has shown that there is no conclusive evidence that there is a
favourability for decentralised over centralised supply chain conﬁgurations,
or vice versa. Rather, the model results showed that under current economic
conditions, a mixture of both conﬁgurations would lead to the most favourable overall conﬁguration mix. Dramatic changes to the biomass transportation cost would shift the supply change conﬁguration preference in either
direction, but with no signiﬁcant economic advantage for either conﬁguration. This indicates that under current projected eﬃciencies and costs, site
speciﬁc conditions have a high impact on the preference of supply chain conﬁguration regarding the centralised or decentralised option. Technology and
site-speciﬁc investigations are therefore recommended in order to determine
the most favourable supply chain conﬁguration.
Uncertainties regarding biomass prices were represented by a 50% price
increase or decrease, where high level could represent biomass prices under
future high biomass utilisation scenarios, or other markets with higher biomass prices. It should be noted that the low biomass prices were not selected
in order to be realistic, but were used to provoke the model to opt for supply
chain conﬁgurations with higher biomass usage. However, the results showed
that even these signiﬁcant biomass cost reductions still could not completely
oﬀset the increased supply chain cost from the intermediate processing step
introduced for the production of PL.
5. Conclusions
This work has shown that for forest industry integrated bioreﬁnery supply chains with a trade-oﬀ between economy of scale and biomass eﬃciency,
biomass eﬃciency should be the main priority, if the bioreﬁnery investment
can replace capital intensive equipment on site. This was illustrated using
an integrated bioreﬁnery concept based on gasiﬁcation of black liquor, and
was shown to be true for both current prices and under signiﬁcantly changed
27

market conditions. Given the signiﬁcant beneﬁt that can be found in replacing capital intensive equipment at the host industry, this work thus shows
the important role that the current industry can play in enabling large-scale
introduction of bioreﬁneries.
Conﬁrming previous ﬁndings, there is a beneﬁt for a decentralised supply
chain conﬁguration under high system biomass demand. However, this work
also highlights that under lower system biomass demand, the preference for
centralised or decentralised supply chain conﬁguration is more dependent on
the speciﬁc choice of location as well as on other economic factors in the
system, than on fundamental advantages of either conﬁguration, for current
cost projections for fast pyrolysis. It is thus recommended that site and
technology-speciﬁc investigations are used to identify lowest cost supply chain
conﬁgurations.
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Abstract: Biofuels and biochemicals are likely to play significant roles in achieving 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 in order to achieve widespread deployment. For evaluation of early-stage biorefinery
concepts, there is a need to consider not only the technical performance and process cost, but also
the performance of the full supply chain and the impact of its implementation on the feedstocks and
products markets. This article presents a conceptual inter-disciplinary framework that can
constitute the basis for future evaluations of the full supply-chain performance of biorefinery
concepts. The framework considers the competition for biomass feedstocks across sectors, and
assumes exogenous end-use product demand and various geographical and technical constraints.
It can be used to evaluate the impacts of the introduction of various biorefinery concepts on the
biomass markets in terms of feedstock allocations and prices. Policy evaluations, taking into account
both engineering constraints and market mechanisms, are also possible.

Keywords: Biorefinery; biomass; techno-economic evaluation; partial equilibrium model; market
analysis; process integration; supply chain optimization; interdisciplinary framework
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Introduction
Lignocellulosic biorefineries producing biofuels and biochemicals are likely to play a significant role
in achieving the transition towards a fossil-free society, especially in forest rich countries such as
Sweden [1,2]. Since biomass is a limited resource, it is important to optimize the environmental and
economic efficiency of biorefineries [3]. Furthermore, large-scale biorefineries are not yet costcompetitive with their fossil-fuel counterparts, and early phase evaluation is needed to identify costefficient biorefinery concepts. A biorefinery concept is analogous to a petroleum refinery, but with
biomass as the feedstock. A variety of design variables affect the economic performance of a
biorefinery, e.g. the choice of conversion technology, localization, feedstock, and final product(s).
These aspects are often included in assessments conducted using supply chain optimization models,
see e.g. [4,5]. Such models are used to identify biorefinery concepts, i.e. a specific combination of
feedstock, conversion technology, final product(s), and optimal location, which minimizes the system
costs for a given set of constraints (e.g., available feedstock, plant capacity etc.). Typically, transport
costs are endogenously determined whereas biomass-to-product yields and feedstock prices are
included as static input data (i.e. determined exogenously).
Even though all the central decision variables are considered in the supply chain model, the
modeling output may be misleading since it does not acknowledge the dynamics of feedstock prices;
the implementation of a large scale biorefinery will affect feedstock prices due to the increased
demand for the specific feedstocks used in the process. Furthermore, the price signal from increased
competition for a given feedstock will lead to a re-allocation of other feedstocks in the biomass
market, thus generating a complex price formulation for the feedstocks included in the model. In
other words, the feedstock price assumed in the supply chain evaluation model will no longer be
valid as soon as the concept is assumed to enter the market. Implementation of a solution that has
identified, for instance, sawmill chips to be used as feedstock at a cost of 11 EUR/MWh, may increase
demand for this feedstock, thereby increasing the equilibrium market price to 14 EUR/MWh, at which
the biorefinery is no longer profitable. Such price interactions with other sectors are typically not
included in supply chain studies even though biomass feedstock costs are found to constitute a large
fraction of a product’s total cost; see for instance [6] for an extensive review of techno-economic
studies evaluating lignocellulosic ethanol for use as transport fuel. These authors warn of misleading
results: “cheap and largely available feedstock may often not be a reality” [6]. One explanation for
the hesitation of combining techno-economic and market aspects is the obstacle associated with
combining two different scientific approaches of modeling. Previous research has highlighted that to
fully assess the future performance of emerging technologies, the system that these will be
implemented in needs to be considered [7]. One approach is to use scenario-based analyses where
consistent assumptions regarding the surrounding system are used [8]. However, including
assumptions regarding the market will not capture the impact of a biorefinery on the feedstock
markets since the interaction between sectors are not considered.
In this article, we propose a conceptual interdisciplinary modeling framework for evaluating
biorefinery concepts considering both techno-economic aspects as well as endogenously determined
feedstock prices and thus the competition for raw material. It has been shown that integration of
biorefinery concepts with host industries for the utilization of waste heat and products can increase
the economic performance of the production plant [3,9]. Integration with traditional forest industries
are of particular interest since such plants usually have biomass-derived by-products from their main
processes, as well as significant experience in operating large-scale biomass supply chains. Therefore,
the proposed methodology considers the possibility for the biorefinery to be co-located at an existing
industrial site, including the need to describe the integration synergy gains in an appropriate manner.
Figure 1 illustrates the modeling framework and the directions of data between three
generic models; a process evaluation model (left), a supply chain model in the (middle),
and
a
market
model
(right).
The
supply
chain
model
provides
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
process
evaluation
model), for which new data is generated to the market model. The modeling framework presented
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can be used to evaluate new biorefinery products integrated with existing forestry industries on site.
Profitability 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.

Process
reconfiguration

Production cost
Process evaluation
model

Supply chain
model

Market model

Biomass price

Biomass price

Figure 1: modeling framework

The rest of the paper will be organized as follows: the first part of the paper identifies key aspects
for evaluating biorefinery concepts building on previous studies (Section 2). The second part presents
a framework for how these aspects may be combined in modeling (Section 3). Finally, a concluding
discussion is provided.
2.

Evaluating biorefinery concepts

This section provides an introduction to the main perspectives used for evaluating the economic
performance of a biorefinery. The perspectives included here are: the detailed process evaluation for
identifying integration benefits, biomass to product yields and process costs, supply chain
optimization for evaluating low cost system performance localizations and configurations, and
economic market modelling for identifying the biomass market impacts in terms of biomass prices
and the possible substitution of feedstock in other industries.
2.1. Techno-economic aspects
The full system performance of a biorefinery concept depends on several decisions regarding the
supply chain configuration, from the supply side concerning the raw biomass feedstock to the
finished product. This work differentiates between the methods needed to determine the plant level
performance, which relates to the choices of equipment and process parameters at each site, and the
supply chain performance, which includes the plant level performance, but also decisions
concerning, for instance, harvesting site, modes of transport, and localization of biorefinery facilities.
2.1.1. Plant level
A biorefinery generally includes biomass handling and pre-treatment units, e.g. drying and/or
chipping and a main processing unit, e.g. gasifier, or fast pyrolysis reactor, where the biomass is
decomposed into different chemical components. The processing unit is followed by the cleaning and
upgrading units where unwanted products (e.g., tars) are removed and the remaining components
are converted to the desired end-product. The performance of the biorefinery will depend on the
equipment and the chosen operating parameters, and it is necessary to determine the biomass-toproduct yield and the plant energy and mass balance. It is also important to apprehend the plant
investment cost for each considered production technology as well as the integration opportunities.
To assess the biomass-to-product yield, energy efficiency and production cost, techno-economic
evaluations are needed, see e.g. [10–12]. These studies typically investigate and/or optimize the cost
of production of a biorefinery process in a bottom-up model with detailed descriptions of process
equipment and material and energy flows. The system boundaries of these studies are often limited
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to the process, thus ignoring both the supply-chain perspective and the biomass feedstock market.
This excludes e.g. emissions and cost related to emissions, and feedstock re-allocation and the relative
price changes that arise as a result of altered feedstock demand.
The methods used for modeling the plant-level performance of a biorefinery are dependent on
the specific technology and technical state of the biorefinery concept. The modeling of existing
processes, or processes which have been thoroughly researched, is mainly a subject of mimicking
existing results. For ex-ante assessments of new biorefinery concepts, modeling is, however, a more
complex issue. Several methods for the modeling of thermochemical conversion of biomass have
been suggested, see e.g. [13–15]. For processes with robust experimental data, a bottom-up, statistical
approach can be used to validate a process model to identify the mass- and energy balance of the
process [16].
For process types where the detail level of available experimental data is not sufficient for
statistical evaluation, simulation models accounting for reaction kinetics or thermodynamic
restrictions can be used to simulate the processing unit, see e.g. [11,14]. Using kinetic data can give
satisfactory results for limited reactions, but the modeling of all physical and chemical interactions
are currently too complex. Additionally, thermodynamic or restricted thermodynamic models can be
introduced in flowsheet simulation software, but this type of approach is generally characterized by
substantial deviations from experimental results. Nonetheless, such approaches have been common
in gasification modeling, mainly due to a lack of better alternatives.
The process model can be used to estimate the process cost. The process costs are made up by
two parts; the capital costs and the operating costs. The capital cost includes the cost of each process
unit, but also the indirect costs, such as costs for start-up, contingency and installation. To relate the
investment cost to the fuel production rate, the investment cost is annualized using a capital recovery
factor (CRF), which combines information about the interest rate and the economic life time of the
investment. Investment cost does not scale linearly with scale of production; the investment cost per
produced quantity of fuel declines with increasing process scale, which is known as economy of scale.
To estimate the investment cost, an investment cost function is used, which relates to how each
specific process is designed. The operating costs of the process include the costs for feedstock,
utilities, operation and maintenance (O&M), and revenues from process by-products.
2.1.2. Supply chain aspects
The economic performance of a biorefinery concept can be significantly influenced by the
localization. For the plant level evaluations, the evaluations are commonly done for a specific
localization considering the characteristics of that specific site. However, the local characteristics can
vary between different sites, e.g. feedstock availability, regional characteristics, modes of transport,
localization of potential host industries for integration and their specific characteristics, and the
prevalence of competing users of biomass [17–19].
The configuration of the supply chain considering these decision variables is commonly
analyzed in supply chain optimization models. These models can include a variety of components in
their analysis, e.g. supply chain design, planning and operation, technology selection, and different
environmental sustainability assessments [19]. The aim is to capture larger parts of the costs and
emissions that occur for a biorefinery concept and that are excluded from the plant-level technoeconomic evaluation.
The supply chain optimization models investigating the facility localization problem have most
commonly been implemented as mixed integer linear problems (MILP), where binaries can be used
to represent facility establishment in different capacities, and the continuous variables represent the
material flows in the studied system [20]. With a supply chain model that includes not only the
potential localization but also industries that are competing for the same feedstock, it is possible to
capture the changes in cost for transportation in the entire studied system, when implementing
biorefineries [21]. Generally, these models rely on plant level evaluations to determine the biomassto-product yield and the investment cost (or investment cost function), which are used as exogenous
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input data. Such studies typically minimize total system cost to identify viable biorefinery concepts
for a specific region or plant
2.2. Market aspects
A biomass market includes raw materials, by-products and intermediate products. Raw materials
are energy crops, roundwood etc. Typical by-products in the forest industry sector include bark,
sawdust and shavings. By-products can be further processed to intermediate products that can be
sold on the biomass markets, such as pellets produced from sawdust supplied to the bioenergy sector.
The price formation of raw-materials is dependent of the total supply of raw-material (available
quantities, extraction/harvesting costs etc.) and the competition for the raw-material. A by-product
on the other hand does not have a cost per se since it’s a spillover product, although in reality there
is often a cost for basic management of the material, yet a price will occur for the product if there is a
market demand for it. Because the by-product supply is constrained by the main production levels,
the quantities supplied cannot increase independently for an increasing demand; supply is therefore
characterized by an inelastic supply curve meaning that the price will increase more than the increase
in demand [22]. If the price of the by-product increases to the point where profitability is higher for
the by-product than the main-product, the producer may adjust its production to make the byproduct the main product, meaning that the production levels are no longer constrained to the main
production. The disappearance of the initial main product production is likely to affect feedstock
prices and in turn the composition of feedstock in other industries and sectors.
This article focuses on lignocellulosic biorefinery concepts, which make the forest biomass
market an interesting example. Sweden will be used as an example of a national forest biomass
market to illustrate the flows of biomass flows which determine the feedstock prices. The market
characteristics described here will be represented in the market model presented in section 3.2. In the
context of the Swedish forestry biomass feedstock market, price formation is heavily dependent on
whether the demand for one material will affect another sector’s demand for the material via its price
signals, and less affected by total supply of raw material quantities [22].
The forest industry sector and the bioenergy sector compete for forest raw materials. The forestry
industry is also a (direct) supplier of industry by-products and an (indirect) supplier of harvesting
residues, which can be used as input in the bioenergy sector. Saw logs and pulp wood goes to the
forest industry sector that produces e.g. paper, sawn wood, and board. The forest industry also
produces by-products, such as sawdust, which can be either used as input in the particle board
production on site, or supplied to other users through the by-product market. By-product streams
(sawdust etc.) flow from the forestry industry to the energy conversion sector as well as the
intermediate industries producing briquettes and pellets from by-products, used in the bioenergy
sector. Raw biomass is supplied to the bioenergy sector, either as round wood or harvesting residues,
depending on availability and cost considerations.
The following example illustrates the price mechanisms in the forestry biomass market. Forest
owners normally supply sawn wood to saw mills and pulpwood to the pulp- and paper industry
(PPI). However, if the bioenergy sector faces feedstock prices (by-products, harvesting residues etc.)
equal to the price of roundwood and wants to increase output, pulpwood may be chipped and used
in the bioenergy sector. A possible scenario could be: increased price for pulpwood (via increased
competition and/or increased imports of pulpwood) which reduces PPI production. The industry
becomes less competitive and may in the long run exit the market, which would have considerable
price and allocation effects at the national biomass market level. Furthermore, black liquor is a byproduct from pulp manufacturing which is today used for the PPI’s internal heat production, but has
been identified in several studies to have a significant potential to be used as a feedstock for
producing renewable fuel in the transport sector (see e.g. [23]) – a possibility which would disappear
with the domestic PPI industry’s disappearance. Thus, the price formation at the biomass market is
a complex system where the competition for raw-material as well as the supply of and demand for
by-products are central components. In order to analyze a change in a market considering this
complex web of demand and supply among sectors, it is necessary to adopt an economic model that
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captures the market behavior of the sectors (flows of feedstock based on price signals) defined
through demand and supply functions for each sector.
Studies analyzing the forestry feedstock market to assess e.g. potentials of bioenergy or policy
instruments, for which feedstock prices are endogenously to the model, partial equilibrium (PE)
models are often used, see e.g. [24–28] . The models typically focus on a restricted part of the
economy, e.g. the flows of biomass between the forestry industry sector and the bioenergy sector,
and leave most other variables (inflation, unemployment etc) out. The delamination allows for
disaggregated data and great weight to the market behavior of the sectors. By maximizing social
welfare (the sum of producer and consumer surplus) under certain restrictions (e.g. raw material
supply), endogenous prices are generated. In PE-modeling, forest industry production, bioenergy
conversion and biofuel production are often modeled by activity analysis where input–output (IO)
coefficients define the inputs used to produce one unit of output, see e.g. [27]. The fixed structure can
be motivated due to the fixed technological infrastructure in the short run [29]. A PE model can
contain many IO coefficients for many combinations of feedstocks and end-use products, and even
for different resource locations. This also makes the approach suitable for market evaluations of new
technologies. However, the market model can only evaluate from a market perspective for fixed predefined technologies, i.e., the techno-economic aspects throughout the supply chain which makes the
PE model to an unsatisfying modeling tool on its own to evaluate biorefinery concepts.

2.3. Integratated assessment
2.3.1. Previous literature and the objective of this article
A general need for interdisciplinary approaches in order to better support energy policy decision
work has been emphasized, see for instance [30,31]; both of which attempt to combine an economic
model with an energy system model in order to better understand how energy policies affect the
national economy. It has also been emphasized that there is a need for interdisciplinary approaches
to fully assess the performance of different biorefinery concepts, including integration, technological
components, economic, environmental, and social aspects [32]. There is a significant body of
knowledge related to biomass-to-product yield estimations, supply chain evaluations, and biomass
feedstock markets. However, to the best of the authors' knowledge, no studies combine knowledge
from all three domains into a coherent analytical framework to evaluate biorefinery concepts.
Yet, there is a general trend in the literature to integrate environmental aspects to assess supply
chain efficiency. In addition to identifying the least cost option, sustainability is treated as a key
parameter [33]. The majority of the integrated studies consider either techno-economic and
environmental (life cycle) aspects of bioenergy projects, see for example [34,35]. Greenhouse gas
(GHG) emissions are one of the most frequently used environmental indicators, production and
capital costs are the preferred economic measures, and the number of created jobs is the most
considered social criterion [33]. These three aspects have been studied simultaneously for the supply
chain configuration of biofuel production [36]. However, the price dynamics of the biomass are not
considered.
A biochemical production study included several levels of production performance including;
metabolism, bioreactor, overall process, chemical industry, economy, and ecosystem [37]. However,
the supply chain configuration with respect to localization was disregarded even though this could
significantly influence the economic performance of the full supply chain. Another way to include
more aspects into one study is to consider so-called multi-objective optimization, see for instance [38]
where a supply chain is optimized for economic profit, minimizing environmental impacts, and
maximizing job creation. However, this approach neglects the impacts of the biorefinery production
on price formation in the feedstock markets.
There are numerous, both techno-economic and market-focused, studies that analyze the
competition for feedstock caused by first-generation biofuel production. Land-use and global market
effects are central here. See for instance [39], who identified that crop yields differ among regions,
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and that in order to provide accurate estimates of the land use and market effects, regional feedstock
demand has to be estimated. The market effects were then assessed in a regional market model (a
global static partial equilibrium model), in which the estimated regional demand from the
localization model was included as additional exogenous demand to the model [39]. This study
constitutes an interesting example of how to gain modeling accuracy by using the output from one
model as input in another model, although it does not include an iterative process.
Since feedstock prices constitute a large share of the total costs of a biorefinery concept, ignoring
price formation in supply chain analyses as a consequence of introducing the concept may result in
misleading conclusions concerning the profitability and efficiency of that same concept. In order to
capture the true cost of a biorefinery concept, there is therefore a need to not only to consider the cost
of the technology, but also changes in feedstock price and demand caused by the introduction of the
biorefinery. This is not often done and an explanation for that are the obstacles that emerge when
combining different research traditions and methods. The models in techno-economic studies differ
from market models in terms of modeling structure, optimization, the scope of disaggregation,
among others.
Figure 3 illustrates the objective of this article, to decrease the gap between techno-economic and
market modeling in order to provide a holistic modeling framework for biorefinery concepts. The left
part of Figure 3 shows the current relationship between the three aspects discussed. Supply chain
models commonly treat biorefinery performance and configuration as static parameters in the
evaluation. However, modeling frameworks have been developed integrating both process design
and supply chain management in e.g. [40], here illustrated with a small grey overlap. Some market
analysis studies include techno-economic aspects e.g. [39] as well as techno-economic studies that
include market conditions see e.g. [41], but leave out price formation, illustrated with a small yellowgrey overlap between the market and the supply chain. The right part of Figure 3 illustrates the
objective of this paper: a framework where techno-economic aspects and market aspects are
considered in an even more integrated approach.

Supply chain

Supply chain

Biorefinery
process

Biorefinery
B
process

Market
Market

Figure 2. Towards a more integrated modeling framework: illustration of the contribution of the
paper.

2.3.2. Model-linking
Essentially there are two main pathways for combining different systems perspective models: hardlinking and soft-linking. When using hard-linking, system levels are modeled within the same
modeling framework, i.e., in one model with one objective function. There are several obstacles
related to this approach of which the most apparent is the need to formulate a single objective
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function without losing the specific modeling features for different system levels 1 . Additional
drawbacks include the lack of model transparency when the model grows larger, and hardware
limitations for running a model comprising large quantities of data. To include the process modeling
within the same framework as the supply chain and market model is essentially not possible with
today’s computers. It is likely that the market level and supply chain level could be modeled within
the same framework, but in order to do that there is a need to reduce the complexity of the submodels (see also Bauer et al., 2008). In soft-linking, the models are optimized/solved separately and
data are exchanged between the various models. In order to retain the models’ complexity, softlinking is preferable [43]. Furthermore, soft-linking provides flexibility regarding the choice of
models to be included in the framework, and has been shown to work successfully for linking of CGE
(marked based) models with energy models (a type of techno-economic model) [30,31].
As mentioned in the introduction, a biorefinery has many decision variables and many of them
can be broken down into disaggregated models in order to increase the accuracy of the final results.
Furthermore, added models can easily be removed in favor of another model, all depending on the
research question of interest. For the soft-linking to work, the added model and the model with which
it will exchange information with only need to share one input and output variable. This variable will
work as the data exchange channel between the models. Comparing this 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 seems to be the natural choice for an inter-disciplinary
framework evaluating biorefinery concepts.

3.

Modeling Framework

As feedstock prices constitute a considerable part of a biorefinery’s total production costs,
feedstock prices affect the outcome in product yield evaluations as well as supply chain evaluations.
Our framework combines a techno-economic approach and a market approach into one modeling
framework in order to evaluate biorefinery concepts in the presence of endogenous feedstock price
formation.
To illustrate key theoretical aspects in techno-economic evaluations and market evolutions, three
schematic modeling approaches are presented. The specific choice of model can be adjusted for other
applications of the framework. This paper exemplifies the iteration of models with different modeling
structures and objective functions. The modeling framework presented focuses on the evaluation of
lignocellulosic thermochemical biorefineries, but with the use of a similar approach it should be
possible to evaluate other biorefinery routes as well. Moreover, for illustration purposes Sweden is
used as an example in the modeling framework, but any country or area can be investigated using
the proposed framework.
The framework is constructed so that three key performance indicator (KPIs) categories are
easily obtained from empirical applications of the framework. These are: (i) new biomass feedstock
prices [EUR/MWh], (ii) new biomass feedstock allocation among sectors and industries, (iii) and
prices of biorefinery products produced in the solution [EUR/kWh]. The KPIs are chosen so as to
provide a quick insight into the market effects related to implementing biorefinery concepts, as well
as to gain information regarding the price of the end-use product of interest. The KPIs may be
exchanged depending on the purpose of the application.
3.1. Techno-economic performance
The techno-economic system performance of the biorefinery concept is determined by a mixture
of plant level and supply chain modeling, while accounting for the changes in the biomass feedstock
prices from the market model. This framework puts emphasis on the possibility to investigate
biorefinery concepts that are integrated with a host industry; a concept known as process integration.
1 Multi-objective optimization is possible, but will lead to an amplification of the other two
obstacles.
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The International Energy Agency (IEA) defines process integration as “systematic and general
methods for designing integrated production systems, ranging from individual processes to total
sites, with special emphasis on the efficient use of energy and environmental effects“ [44]. For the
techno-economic evaluation we suggest to include a modeling concept where the biorefinery can
exchange heat with any given host industry. Integration of a biorefinery plant with a host industry
results in a concept where the combined primary energy usage is lower compared to stand-alone
concepts. Some types of biorefinery may have a total heat surplus that is large enough to produce
excess electricity through a steam cycle. The aim is to identify the full supply chain cost for producing
the desired biorefinery product, here exemplified as biofuel, while considering both plant level and
supply chain design decisions, e.g. feedstock choice, integration decisions, size of facility, localization
and host industry.
Figure 4 shows a generic process model evaluating biomass-to-product yield for biorefinery
products, integrated with a given host industry (e.g. a sawmill, a refinery or a chemical cluster). The
input of the model is biomass feedstock composition and moisture content, as well as process unit
operating parameters, such as reactor temperatures and pressures. The model quantifies the energy
and mass balances of the plant; thisis required to calculate the net heat and electricity
generated/required by the process and the overall biomass-to-product yield.

Electricity

Heat

Host industry

Biomass

Pretreatment

Conversion

Post-treatment

Biorefinery
efineryy
product

Figure 3. Overview of the system boundaries for techno-economic evaluation of a generic, host-integrated,
thermo-chemical biorefinery.

To identify the full techno-economic performance, the plant level process configuration has to
be evaluated. This is needed to determine the investment cost, biomass-to-product yield, and surplus
or deficit of heat or electricity. Depending on the technology-specific biorefinery technology and the
current technical state of the process equipment, different methods are required to represent the
process units. With satisfactory representation of the processing units, pinch analysis can be applied,
partly to establish heat recovery targets, thus estimating the minimum net energy added to the
process, but also to identify possible process integration opportunities with host industries [45].
Generally, host industries are not modeled separately, mainly since these industries already exist
and thus are not subject to design. Instead, process stream data or generalized research models of
different process types are applied to capture process integration opportunities. Typical processes
suitable for process integration include: pulp and paper mills, sawmills, petrochemical industries and
refineries. Also district heating networks could be suitable as hosts for new biorefineries.
Output data from the plant level process model include biomass conversion yield, i.e. the
quantity of biorefinery product produced per quantity of biomass input, together with the net energy
input/output in terms of electricity and heat. The electricity, heat and conversion yield, together with
the capital cost function and the running costs of the process constitute input data to the market and
supply chain models, respectively.
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The full system performance of a biorefinery concept can be determined in a supply chain
optimization model, which also considers the transport network, the changes in transportation for
other industries due to the biomass feedstock demand of the biorefinery. A geographically explicit
MILP model for analysis of localization of biorefineries is suggested, due to the necessity for a model
to be able to consider many potential localizations. The model includes spatial data for e.g. feedstock
availability, as well as localization of host and competing industries, with description of the internal
energy flows and demands of potential host sites for biorefinery integration [21]. The system
performance can thus be determined considering various geographical restrictions, not only due to
feedstock availability, but also due to restrictions in integration opportunities. Figure 4 presents a
schematic overview of inputs and outputs of the model.

Biorefinery
product demand

Biomass-to-product yield
Commodity prices
Technology cost
Transport cost

Optimization

Supply chain
performance

Location, energy flows (internal and trade)
Biomass availability
Other estimations (environmental etc)

Figure 4. Main input and output data for supply chain optimization modeling approach

All data represented in boxes to the left in Figure 5 are exogenous parameters to the model. The
end-use product demand is the exogenously determined driver of the model. It determines the
products to be produced and how much of each of these. Demand may in turn be determined based
on, for instance, policy objectives or predicted market demand. Given the demand, the supply chain
optimization model will configure the lowest cost supply chain configuration, and in this way the
performance cost of various biorefinery concepts can be determined. Depending on the study, a multi
or single technology problem can be investigated and the lowest cost solution could result in one or
more biorefineries needed to satisfy the product demand.
The total system costs include all supply chain costs included in model, e.g., transport costs,
feedstock costs, technology costs, etc. The total transport cost is endogenously determined in the
supply chain model depending on mode of transportation and transport distance. Biomass is
disaggregated into the same categories as used in the market model e.g. pulpwood, saw logs, forest
residues, and stumps and their respective prices are exogenously defined. The electricity market is
exogenously treated and viewed as a fixed demand market, i.e. excess or deficit electricity at the
biorefinery plant level is assumed to be resolved by purchasing or selling electricity.
The output from the model is the lowest cost biorefinery localization(s) and technology/ies. From
the output, the system performance for each biorefinery site can be determined. The performance
cost includes capital and operational costs, cost for transportation (also considering eventual impact
on transport of biomass for other purposes), and biomass feedstock cost, and cost or revenues from
deficit or surplus electricity. The performance costs for the biorefinery/ies are used as inputs to the
market model. Given that the supply chain model includes representation of each specific
localization, the model results are aggregated for biorefinery technology and type of host industry
for the use in the market model, e.g. gasification integrated with CHP (combined heat and power)
plants or fast pyrolysis integrated with sawmills.
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3.2. The market model– feedstock allocation and prices
The contribution of the market model in this framework is to allow for endogenous price
formation of biomass feedstock considering market competition for materials. Key output variables
in the market model are: biomass feedstock allocation and prices, biorefinery product prices and
production levels. For our purposes, a national generic PE model describing the Swedish forestry
sectors and the Swedish bioenergy sector, respectively, is used to investigate price formation in the
forest biomass feedstock market. The modeling structure used in this work is similar to several
previous PE forest sector models, see e.g. [46,47]. Figure 6 illustrates the main actors and biomass
flows in the model. Supply of raw wood material and demand for energy and forestry end-use
products are expressed exogenously to the model, shown as the upper box and the lower box,
respectively in Figure 6. The forest industries and the bioenergy sector demand raw materials. Forest
industries also supply by-products to the bioenergy sector, as discussed in section 2.2. The middle
box with dashed lines shows the interconnection between the forestry industry and the bioenergy
conversion sector. The small boxes inside this box represent the industries and bioenergy conversion
activities (represented by I-O coefficients). Maximizing social welfare (producer and consumer
surplus) leads to an optimal allocation of feedstock given the demand and supply constraints which
generate endogenous feedstock prices.

Forest owners supplying raw forest biomass

Forestry industry sector

Bioenergy conversion sector

Sawmills
PPI

Tech 1
Pellet
s ind.

Tech 2

Wood
board

Forest sector end-use
products

Tech 1

Tech 3

End-use product
demand

Bioenergy: heat, electricity and
biofuels

Figure 5 schematic illustration of the forest raw material market model

By optimizing the market model, exogenous demand will drive the model to choose the least
cost supply option for production and market feedstock prices will be determined. These will be fed
into the supply chain model. For a policy scenario in which, for instance, 50% of all transportation
fuel has to come from forest biofuels, the market model will choose the least cost option to produce
forestry and energy products given this constraint. This will lead to a reallocation of feedstock and
will thus also affect feedstock prices.

3.3. Integrated assesment: the iteration process
Whereas the shrinking distances between the circles in Figure 3 illustrates the objective of this
article; to decrease the gap between techno-economic and market modeling in order to provide a
holistic modeling framework for biorefinery concepts, Figure 7 shows how this can be done handson in an iterative modeling framework linking the process evaluation model, the supply chain model,
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and the market model. The soft-linked iterative process in Figure 7 is developed to evaluate
biorefinery concepts using techno-economic evaluations considering market formed feedstock prices,
not just before the concept exists at the market, but evaluates the biorefinery concept given its
existence as a feedstock demander at the biomass market.
Size, integration
decisions

Process
reconfiguration

Important
localizations

Production cost

Process evaluation
model

Supply chain
model

Market model
Biomass pricen

Cost well-to-wheel

Cost process
Biomass price

No

Biomass pricen=
Biomass pricen-1

Yes

Figure 6. Iteration procedure of the modeling framework

The separate models in the framework have different modeling structures including different
aggregation levels of the data. Therefore, some data need to be adjusted prior to iteration. In this case,
the supply chain model includes plant-specific data (and generates plant-specific output data),
whereas the market model is aggregated on sectors and large geographical regions. A solution is to
adjust the output data from the supply chain model before entering the market model as follows:
each biorefinery technology and integration option is specified with a cost for conversion rather than
localization. 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 chain and market model will appear. However, using
this approach, the specific site characteristics are implicitly included in the market model.
The flows of data follow the following process2 (see Figure 7) the process yield, electricity and
heat production/demand are the main physical output data from the process modeling. Together
with the process integration opportunities and process costs, they constitute the input variables to
the supply chain model. Together with feedstock prices from the market model, the model will
identify the lowest cost technology mix to satisfy the demand for the specified biorefinery product.
The feedstock price determined through the market model constitutes new input data to the supply
chain model through an iterative feedback loop. The new feedstock price influences the performance
cost for the different technology options in the supply chain model, which might in turn influence
the lowest cost supply chain configuration. If the new optimal supply chain differs from the previous
solution, the resulting biorefinery technology choices and localizations constitute an input to the
process model through a second feedback loop. Thereby process models can be updated and re-run
for integration with different types of industrial host sites which might impact the output of
electricity and/or district heating.
The new results from the process models again constitutes input to the supply chain model,
which will generate an updated performance cost. These new results provide updated feedstock
requirement, and cost data to the market model that generates new feedstock prices and biomass
allocation in competing sectors. For each iteration N, the new biomass price produced in the market
model is compared to the biomass price generated in the previous iteration N-1. When the price of
iteration N equals the price from iteration N-1 the solution has converged. The biomass price and
biorefinery product price of the last iteration is the final and resulting output price data.

2

A more detailed overview with specific examples of the data exchange between the system aspects are

described in Appendix A
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Theoretically, the price data iterated between the models will eventually converge. However,
given the structure of the framework, with separate models interconnected through soft linking, there
is a possibility that convergence issues can emerge. If the supply chain model responds to the changes
of price data with drastic changes in supply chain configurations, the model solutions might diverge.
If this problem arises, it can be attended by applying an under-relaxation factor, meaning that the
changes in output price from the market model between the model runs is manually decreased. i.e.
if the feedstock price increases a lot between two iterations, the feedback to the supply chain model
are lowered from the actual supply produced from the market model.

4.

Concluding discussion and Avenues for Future Research

This paper is an attempt to bridge the gap between techno-economic modeling and market modeling
in order to evaluate new biorefinery concepts. Two techno-economic aspects and one market
perspective were presented followed by a novel modeling framework exemplified those with three
soft-linked models: a biorefinery process evaluation model, a supply chain evaluation model and a
market model. The market model includes the bioenergy sector and forestry industry sector in
Sweden, and captures the price dynamics of biomass feedstock. The supply chain evaluation model
considers geographical aspects and technological options for bio-refineries, and the process
evaluation model considers detailed description of the plant-level material and energy flows. The
combination of the models provides an opportunity for a holistic early phase evaluation of new
biorefinery concepts, considering both technical and geographical aspects, and at the same time
considering price dynamics of biomass feedstock with other sectors demanding forest biomass.
As previously stated, evaluating the potential of a biorefinery concept using only a technoeconomic model may result in misleading conclusion regarding the production cost as the production
cost is heavily based on feedstock prices, which in techno-economic models are static across demand
levels [6]. As described in section 2.2, when demand increase for one feedstock, for instance due to
the implementation of a new biorefinery concept, the price of the feedstock will initially increase –
yet the final price effect is not straight forward as the price is formed at the market where the price
change affects feedstock allocation and production levels in the affected industries and sectors.
Applying the framework developed in this paper provides supply chain analyses that are robust to
feedstock price changes that arise as a consequence of introducing the biorefinery concept to the
market.
Forest sector modeling has been used successfully to analyze exogenous shifts at the biomass
markets, for instance the introduction of a new bioenergy production technology [48]. Yet, whereas
these studies are limited to assess price and feedstock allocation as a consequence of an exogenous
shift, this framework also ensures the technology to be chosen as to minimize the supply cost of the
end-use product in terms of e.g. biomass-to-yield and transport costs. The technological flexibility
needed in order to identify new efficient biorefinery concepts occurs in the iteration with the supply
chain model.
Indeed, the choice of technology implemented in a market model may be chosen based on
supply chain studies ensuring the supply cost to be minimized without being part in modeling
framework. So why bother with an iterative framework? The benefit is the iteration of information
between the model that generate one stable solution considering all the decision variables included.
The optimal choice of technology is dependent on feedstock prices. The feedstock prices are
depended 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. This framework ensures
that the technologies included in the market model are chosen as to minimize total supply cost also
when feedstock price change. A biorefinery has many decision variables, ignoring some of the key
aspects is likely to result in misleading conclusions, with the risk of sending out conflicting policy
recommendations. The iteration is a simulation of the real world market dynamics.
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, also do the researcher
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representing the fields have different agendas. The use soft-linking (in contrast to hard-linking)
enables models to be brought together representing different aspects of a topic, while keeping the
integrity of the models intact. This framework is an example how to soft-link models from the technoeconomic tradition with the models in economics built upon market behavior. This framework helps
decision makers to develop cost-effective policies as the risk for goal conflicts is reduced.
This paper has focused on lignocellulosic thermochemical biorefineries, but through a similar
approach it is possible to evaluate other biorefinery routes. Similarly, Sweden was used in the
modeling framework but any country or area can be investigated using the same framework. The
modeling framework resulted in three key performance indicator categories (KPI’s) of the biorefinery
concept evaluated: (i) biomass feedstock prices [EUR/MWh], (ii) biomass feedstock allocation among
sectors and industries, and (iii) price of biorefinery products produced in the solution [EUR/kWh].
Also the KPIs may be adjusted to suit the research of interest, although the procedure of identifying
information sharing channels would then have to be done.
Regarding future developments of this framework, so far the framework has been developed to
improve the economic assessment of biorefinery concepts; however, as the political interest in new
biorefinery concepts lies in the possibility of replacing fossil fuel products with climate smart
products, such as biofuels and green chemicals, and thereby decrease the pressure on the
environment, reasonable additional decision variables are environmental measures, e.g. greenhouse
gas emissions (GHG) and life cycle assessment variables. GHG emissions related to the biorefinery
supply chain should be easy to include by attributing the different flows with corresponding
emissions.
To further increase the accuracy of the economic assessment, the framework may also be softlinked with other national models covering other countries (biomass markets) in order to simulate
trade effects as a consequence of changing feedstock prices. A trade analysis would also provide
insights regarding the exporting possibilities for a product produced in a specific biorefinery concept.
The dimension of trade can also contribute to an environmental assessment.
Another possible enhancement of the framework is to include the dimension of time – in the
supply chain model for investment assessments, and in the market model to allow for gradual
adaption of new technology and price changes. Gradual price changes may imply temporary
feedstock allocation changes that generate chain effects which results in an end-point different to the
end-point in a static analysis.
Lignocellulosic biorefineries producing biofuels and biochemicals have the potential to play a
significant role in achieving the transition towards a fossil-free society, especially in forest rich
countries such as Sweden [1,2]. In order to proper evaluate and compare different biorefinery
concept, modeling tools are needed. To draw conclusions and provide policy recommendations,
holistic modeling frameworks including both the techno-economic aspects and the market aspects
are needed.
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title, Video S1: title.
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Appendix A
Figure A1 presents a more detailed overview exemplifying the data linking the three different
system level approaches, the detailed descriptions for the flows are described in Table A1.

Figure A1. Description of a multi-perspective framework.

Green boxes and arrows correspond to external input data and output data from the process
evaluation model, purple boxes and arrows corresponds to external input to and output data from
the supply chain model, and red boxes and arrows corresponds to external input and output data
from the market model. White boxes represent input data that is fed to several models, and pink
boxes are input data that can be used for sensitivity analysis but that do not have to be included to
run the model. The white boxes with blue lining represents the main output results from the multilevel framework.
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Table A1: Description of the data exchange between the different system models.

Number

Description

Unit

Experimental process data

°C, kg/s, biomass compositions,

Input data
1.

product gas compositions etc.
2.

Prices of all included energy carriers,

EUR/MWh

e.g. electricity, steam, different types
of biomass
3.

Localization and heat/feedstock

Longitude & latitude,

integration opportunities

MWelectricity/MWbiomass input, MWdistrict
heating

4.

Cost of feedstock and product

/MWbiomass input
EUR/km

distribution
5.

Availability of feedstock

MWh/grid node

6.

Total demand of bio refinery products

MWh/year

7.

Optional input of policy instruments,

E.g. EUR/kgCO2 or EUR/ MWhbioraff prod.

e.g. CO2 tax or feed in tariffs
8.

Feedstock cost

EUR/MWh

9.

Total supply of energy carriers

MWh/year

10

The process design

-

11.

Process cost

Biorefinery product/MWhbiomass,

Generated
data

Electricity/MWhbiomass, District
heating/MWhbiomass
12.

Process efficiency and yields

-

13.

Supply chain cost

EUR/MWhfuel product

14.

Environmental performance of supply

GHG equivalents/ MWhfuel product

chain
15.

16.

Locations of importance and relevance

Characteristics of low cost

for potential biorefineries

localizations

Prices on all different types of

EUR/MWh

included feedstocks
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MWh/year

feedstock types
18.

Price of biorefinery product

EUR/MWhbioraff prod,
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