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Enhancing biomass utilization
by combined pulp and fuel
production
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A shift from fossil fuels to renewable energy sources is essential to reduce

global greenhouse gas emissions and climate change effects. Biofuels

represent a promising low-carbon alternative for sectors that are hard to

electrify, such as freight transport or aviation. This work investigates possible

pathways for increasing the value of biomass at a Kraft pulp mill, focusing on

black liquor and bark streams. Mathematical programming is coupled with

superstructure optimization and systematic solution exploration to identify

meaningful process configurations. The analysis of solutions under market

variations allows for the identification of robust and competitive configurations

for the co-production of pulp and fossil fuel alternatives. The results show

that the integration of biorefineries in pulp mills results in better resource use

and higher energy efficiency - diversifying the product portfolio and providing

bio-based fuel products to the market while being economically viable. By

incorporating fuel production in the conventional Kraft process, the carbon

conversion efficiency of the mill can be increased from 48% to up to 67%.

Extending the analysis, up to 2% of the European road freight transportation

fuel could be provided with combined pulp and fuel production, and 5% of the

worldwide fuel demand for passenger aviation.
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pulp and paper industry, superstructure optimization, resource valorization, biofuels, process

integration

1 Introduction

In the context of climate change, the reduction of energy use and greenhouse
gas (GHG) emissions is a major challenge for society. In 2015, 196 nations
committed to limiting global temperature rise to below 2°C, with a target of
1.5°C in the Paris Agreement. Achieving this goal requires a transition away
from fossil fuels in all sectors. The industrial sector was responsible for 32%
of the total fuel consumption and 13% of the energy-related CO2 emissions in
the European Union (EU) in 2017 (International Energy Agency, 2020). In the
new Energy strategy presented in 2020 in the frame of the European Green
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Deal, key measures for each branch are presented to make
Europe the first climate-neutral continent by 2050. Even though
no set emission goals are required from the industrial sector,
the overall strategy is to make it greener, more circular and
more digital. Particular recommendations for decreasing GHG
emissions–apart from policy measures such as carbon pricing
and energy efficiency audits–include decarbonization strategies
in the formof direct usage of renewable energy frombiomass and
waste heat; carbon capture and utilization; and the deployment
of hydrogen solutions (International Energy Agency, 2020). The
transportation sector accounts for 28% of the fuel consumption
and 29% of the energy-related CO2 emissions. Over 64% of
the energy consumption in the transport sector is in the form
of diesel, 24% gasoline, 5% biofuels and 2% electricity. The
European Green Deal aims at a 90% reduction of greenhouse
gas emissions from transport by 2050, while the EU Renewable
Energy Directives (RED) requires the EU to meet a 10% target
of renewable energy by 2020 and 14% by 2030 (International
Energy Agency, 2020). Besides shifting large shares of freight
transport to rail and improving energy efficiency in vehicles,
switching to renewable energy and sustainable biofuels is one
of the main measures addressed. According to the International
Energy Agency (IEA), biofuels, defined as liquid and gaseous
fuels derived from organic matter, could provide up to 27%
of the total transport fuel by 2050, replacing diesel, kerosene
and jet fuels (International Energy Agency, 2020). As biomass
is a limited resource, biomass-based industries are increasingly
motivated to improve the conversion efficiency of biofuel
production processes and enhance waste streams. Over 19% of
the European roundwood is currently consumed in the pulp and
paper industry (European Commission, 2019). This industrial
sector represents 10% of the fuel consumption of the EU’s
industry when considering non-energetic usage of fuel, and
features the lowest emission intensity of all sectors, accounting
for 0.7 tons of CO2 per ton of energy due to the use of mostly
bioenergy and electricity in Nordic countries (International
Energy Agency, 2020). Currently, this industrial branch is not
only one of the biggest consumers of fuel in the EU, it is the
only sector that - apart from producing pulp - is a net-exporter
of energy in the form of electricity. Thus, the pulp and paper
industry represents one of the biggest suppliers and consumers
of renewable energy, while holding great potential to contribute
to the objectives of reducing GHG emissions in the industrial
sector by means of efficient resource valorization and biofuel
production (Larson et al., 2003).

Owing to the complexity of systems such as the one described
herein, mathematical programming and optimization are not
only required as decision support tools for the design, but also
to identify the potential of combined pulp and fuel production.
Moreover, effects of an uncertain surrounding market economy
can be analyzed.

Mathematical programming and optimizationmethods have
been applied intensively to similar superstructure optimization
problems (Gassner and Maréchal, 2009; Tock et al., 2010;
Santibañez-Aguilar et al., 2011; Viana Ensinas et al., 2013;
Celebi et al., 2017; Castro-Amoedo et al., 2021). As noted
by Liu et al. (2012), when generating results by means of
optimization, deriving a set of feasible alternatives may
be preferred to the generation of a single system design -
one that is only potentially optimal under certain external
conditions. In that context, multi-objective optimization solved
with heuristic or deterministic approaches is one widely
applied method for generating a set of alternative solutions
(Branke et al., 2008). When generating solutions based on
market assumptions, the question of uncertainty comes to
mind. Given the current political, societal and environmental
situations, it is noticeable that – apart from fluctuations
originating from regular demand and supply shifts and
mismatches – extreme events like natural disasters, wars or global
pandemics can change the playing field within hours, rendering
outcomes solely on a market configuration unusable. Moreover,
investment cost assumptions are often proven to be incorrectly
estimated retrospectively. Such uncertainty can be considered
by decoupling the objective function from the uncertainty
parameters and choosing an objective that is independent, as
done by Tock and Maréchal (2015), who used CO2 capture
and energy efficiency as objectives. Alternatively, uncertainty
can be included directly in the solution generation procedure,
either by generating solutions with different economic scenarios
while keeping a deterministic approach, or by embedding
uncertain penalizing weights in the objective function. The
review by Soroudi and Amraee (2013) presents the state-
of-the-art in decision-making under uncertainty applied to
energy systems; a classification of different uncertainty handling
methods is given, together with prospective advantages and
disadvantages.

The main objective of this study is to identify alternative
pathways for biomass utilisation in pulp mills, increasing the
value of key residue streams and decreasing the release of
greenhouse gas emissions at a system level. Identified solutions
need to be robust towards market fluctuations, providing
resilience and reliable supply of products. Resilience in this
regard should be interpreted as the plant’s ability to react
to external disruptions by being self-sufficient, particularly
regarding electricity supply.

The following Section 2 introduces a review of current
research in the field of biomass conversion in pulp mills,
with a special focus on biofuel production. Subsequently, the
methodology for process modeling and solutions generation is
presented (Section 3). Section 4 shows the results of applying the
suggested methods, and discussion of the matter is provided in
Section 5.

Frontiers in Energy Research 02 frontiersin.org

https://doi.org/10.3389/fenrg.2022.979502
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles


Granacher et al. 10.3389/fenrg.2022.979502

2 State of the technology

The ongoing shift to a renewable-based society is driving
a focus on improving energy efficiency and on finding new
ways of processing forest material into profitable products.
Their well-established biomass supply chains, experience with
wood handling and processing, and diversity of available
biomass streams make Kraft pulp mills promising candidates for
transformation into integrated product biorefineries. According
to the International Energy Agency, biorefining can be defined
as the “the sustainable processing of biomass into a spectrum of
bio-based products (food, feed, chemicals, and materials) and
bioenergy (biofuels, power and/or heat)” (IEA Bioenergy, 2014).
In addition to pulp, integrated Kraft pulpmill biorefineries could
produce value-added products such as polymers, composites,
textile fibres and/or transportation fuels as well as energy
products such as district heat and low-carbon electricity,
profiting from improved resource and energy efficiency and
benefiting from a broader, more robust product portfolio
(Isaksson et al., 2016). Additionally, implementing non-
conventional alternative biorefinery concepts in pulp mills is not
an entirely new idea, with attempts made to produce pure lignin
from pulpmills dating back to the 1940s (Pettersson et al., 2012).
Apart from the production from fermentation products such
as succinic acid, lactic acid and ethanol, carbon capture and
storage and the thermo-chemical treatment of residuals are
promising pathways to increase resource efficiency in a pulp
mill. A detailed overview of possible options to be integrated
is available in Mongkhonsiri et al. (2018) and Hamaguchi et al. 
(2012).

While not strictly classified as waste according to the
European Waste Catalogue since it forms part of the production
process, black liquor has received considerable attention due to
its high energy content (Monte et al., 2009). In a conventional
Kraft mill, the spent black liquor, also known as weak black
liquor, is concentrated before being burned in a recovery boiler
to produce heat and electricity for the pulping process. It
holds about half the energy of the wood input to a Kraft
pulp mill, and approximately six times the energy contained
in other biomass by-products generated by a typical mill
(Larson et al., 2003). This highly alkaline weak black liquor
contains large amounts of water, between 80 and 85 weight
percent (wt%), as well as organic residues from the pulping
process, inorganic cooking chemicals and small amounts of
inorganics dissolved from wood. Black liquor has a high volatile
content, with fixed carbon representing only 20% of the organic
solids. However, due to a high-moisture content, its heating value
is extremely low, requiring a concentration step prior to energy
recovery (Gullichsen et al., 1999). The spent liquor contains a
large amount of inorganics, owing the presence of used cooking
chemicals, as well as significantly more sulphur than woody

biomass, which is present in the form of organic and inorganic
compounds (Ek et al., 2016).

Another key waste stream in the Kraft pulp mill is the
bark which is removed from the logs during the debarking
process. It represents approximately 10% of the total pulpwood
input stream (Consonni et al., 2009). The amount of residue
depends on the process, wood type, and local conditions. For
example, eucalyptus is usually debarked in the forest, decreasing
the amount of woody residue at the mill (Kuparinen and
Vakkilainen, 2017). Chemical pulps, such as those produced
in the Kraft process, use a mixture of hard and softwoods
Bajpai (2015). Generally, bark contains more ash, less cellulose,
and more lignin than wood (Nosek et al., 2015). Bark has
also significantly lower amounts of volatile matter and thus
more fixed carbon, which influences the gasification behaviour
(Wilk et al., 2011).

2.1 Biofuel production at pulp mills

Numerous studies explore the opportunity to valorise black
liquor and woody residue streams in the context of an energy
integration and optimization framework.

The pathways currently being investigated to increase the
value of the woody residue stream at pulp and paper mills can
be grouped into three main categories: bio-chemical, thermo-
chemical and physical (Hamaguchi et al. , 2012). Likewise, the
outputs of these processes can be grouped roughly into three
types: fuel, heat and electricity.

The particularly high ash and alkali content of bark limits
the maximum allowable temperature in combustion boilers.
As such, bark is mainly used as a boiler fuel for producing
low pressure process steam or hot water (Ahlström et al., 2019).
Excess bark from pulp mills in Scandinavia, for example, is
commonly sold to local combined heat and power (CHP) plants,
or used as fuel for lime kilns. In the 1980s, during the second
oil crisis, commercial wood-residue gasifiers for use with lime
kilns were built at mills in Sweden, Finland and Portugal to
replace oil with biomass (Kuparinen and Vakkilainen, 2017;
Breitholtz, 2009). Scandinavian countries also began to fire
powdered wood residues directly into their lime kilns as a
simpler alternative to biomass gasification (Francey et al., 2009).
However, this fuel option requires low feed moisture content
and the use of additional purchased lime to control non-process
elements. Bark powder-fired kilns also show lower availability
than the traditional oil fired lime kiln which is typically between
80 and 90% (Berglin (2010)), and the bark firing system suffers
from low reburned lime availability, high power consumption,
and mechanical wear. Nevertheless, there has been renewed
interest in bark use in the lime kiln. In a modern pulp mill
the lime kiln is the only unit operation which uses fossil fuels
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during normal operation and, consequently, the only source of
fossil fuel-based emissions (Kuparinen and Vakkilainen, 2017).
Therefore, by using biomass, the normalKraftmill operations can
become CO2 neutral.

A range of different applications has been investigated
for syngas production via gasification of the wood residue
stream. In its broadest sense, the term gasification describes
the conversion of any carbonaceous fuel to a gaseous product
with a useable heating value (Higman and Burgt, 2008). A
typical gasification system consists of several process units
including a feedstock preparation area, gasifier, gas cleaning
section, sulphur recovery unit, as well as downstream processes
(Speight, 2014). Andersson and Harvey (2007) used syngas
from bark and wood gasification for hydrogen production.
Andersson et al. (2014) examined using syngas to generate
methanol while Ljungstedt et al. (2013) used syngas to produce
Fischer-Tropsch fuels. Wetterlund et al. (2011) compared
syngas co-generation via a biomass integrated gasification
combined cycle with a fuel synthesis unit to produce dimethyl
ether (DME). Consonni et al. (2009) and Isaksson et al. (2016)
compared exploiting biomass for co-generation or fuel synthesis.
Consonni et al. (2009) focused on three different synthetic fuel
options: Fischer-Tropsch liquids, DME and mixed-alcohols
whereas Isaksson et al. (2016) investigated methanol, Fischer-
Tropsch fuels and synthetic natural gas (SNG) production.

The Kraft chemical recovery process is a mature, effective
technology that allows recycling of inorganic pulping chemicals,
efficient generation of steam and electricity from black liquor,
as well as effective disposal of wood residues (Tran and
Vakkilainen, 2016).Without the recovery cycle, theKraft pulping
process would be both economically and environmentally
intolerable (IEA Bioenergy, 2007). Black liquor is a key part
of this recovery cycle, so it is crucial that alternative valorisation
does not penalize the recovery of the cooking chemicals. Black
liquor gasification is currently being developed for recovery of
cooking chemicals and energy in pulp mills as a replacement for
the conventional Tomlinson recovery boiler, which has several
disadvantages in terms of electricity generation efficiency owing
to limits on operating temperature due to high alkali content,
smelt-water explosion and reduced-sulphur gas emissions
(Naqvi et al., 2010). In the gasification process, the organic
content of the black liquor is converted to a synthesis gas.
The cooking chemicals are recovered and can be returned
to the pulping process. Many of the studies on black liquor
gasification focus on dry black liquor gasification technologies.
This process still requires the use of energy-intensive evaporation
and concentration stages, prior to the recovery boiler stage.
Nonetheless, a number of studies have examined the integration
of black liquor supercritical water gasification (SCWG) at
Kraft pulp mills. Naqvi et al. (2009), Cao et al. (2017a) and
Granacher et al. (2019) examined replacing the recovery
boiler with a supercritical gasification unit, while Magdeldin

and Järvinen (2020) Özdenkçi et al. (2019) focused on
integration of SCWG in parallel with the recovery boiler.
Consonni et al. (2009), Andersson et al. (2014) and Andersson
and Harvey (2007) examined the combination of biomass and
black liquor gasification technologies. In a preliminary study,
Granacher et al. (2019) found that using black liquor in a
catalytic hydrothermal gasification unit instead of a recovery
boiler would allow the reference Kraft pulp mill to export
electricity and SNGwhile being self-sufficient with respect to the
heat demand of the pulp production process. Naqvi et al. (2009)
compared two different bio-refinery pathways for valorisation of
black liquor: dry oxygen blown pressurised gasification followed
by DME synthesis and catalytic hydrothermal gasification
with methane synthesis. The biofuel production potential and
the fuel-to-product efficiency were higher for methane than
for DME production owing to a better integration with the
pulping process and elimination of the evaporation unit in
the pulp mill. Cao et al. (2017a) performed a system analysis
of the pulping process coupled with SCWG of black liquor for
combined hydrogen, heat and power production. Magdeldin
and Järvinen (2020) studied the integration of a supercritical
water reactor system in a market Kraft pulp mill. By re-directing
30–50% of the weak black liquor stream to the SCWG unit, the
pulp production could be increased by 75% with mill steam and
power requirements still satisfied and minimal disruptions to
mill chemistry. Özdenkçi et al. (2019) investigated the thermo-
economic feasibility of supercritical water gasification of the
black liquor stream at a Kraft pulp mill, comparing different
reactor materials and target products. The analysis was based on
performance data from laboratory scale experiments, and further
validation for scale up is required due to the uncertainty in the
catalytic effect of the reactor material (Özdenkçi et al., 2019).

2.2 Identified gaps and research
objectives

Numerous studies focus on the gasification of either black
liquor or bark residues, but limited work including both is
available. Even though the co-production of pulp and fuel
is frequently addressed, there is only limited work available
on the full integration between pulp and fuel production
and how the energy balance of the overall system can be
closed. Moreover, looking into methods on how solutions are
generated and analyzed, most studies rely on a simulation-
based approach rather than rigorous optimization tools. When
optimization is used, it is mostly based on single-objective
approaches. Furthermore, parameter uncertainty and solution
robustness is frequently overlooked. This work develops a
superstructure-based approach in which biomass conversion to
fuel and products in a pulp mill and its benefits is investigated.
Furthermore, potential synergies of storing electricity from
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renewable resources in form of value-added products such as
liquid fuel and hydrogen while producing pulp are explored.
Solutions for different economic scenarios are generated and
analyzed, taking into account decision makers’ preferences as
well as solution robustness regarding economic uncertainty.
Robustness in this context is defined as being stable in
performance independently of variations in the parameter
space. In that regard, typical configurations are identified;
their economic and environmental performance and potential
benefits for the transportation sector in different regions are
discussed. Furthermore, the role of the market concerning
selected performance criteria is investigated.

3 Materials and methods

3.1 Superstructure synthesis

Kraft pulp mills, currently representing the dominant
technology to produce pulp, have been identified as the biomass-
based sector having the largest potential for the implementation
of new technologies; the co-production of high-value energy
products motivates the research on the topic (IEA ETSAP, 2015).
In a modern Kraft mill, wood is debarked, chipped and then
screened to remove non-wood materials. Wood chips are sent
to the cooking process (digester) where they are boiled under
high pressure and high temperature in the presence of sodium
sulphide (Na2S) and sodium hydroxide (NaOH), separating
the cellulosic fibres (pulp). Following the cooking process,
the pulp is washed to remove the spent liquor, and then
screened, bleached and dried ready for market. The spent liquor,
also called weak black liquor, is concentrated in multi-stage
evaporators to increase the solids content to approximately
65–85%, allowing efficient combustion in the recovery boiler
(Clay, 2020). Reducing conditions at the bottom of the furnace
permits recovery of sodium and sulphur as molten Na2S and
sodium carbonate (Na2CO3), known as smelt. In the upper
section of the furnace the organicmaterial is completely oxidised
to provide heat for high-pressure steam generation. When the
concentrated liquor is sprayed into the boiler, a substantial
part of the organic carbon is converted to carbon (C) and
carbon monoxide (CO). At high temperatures, C and CO reduce
all the oxidised sulphur chemicals to Na2S. The molten smelt
(containing Na2CO3 and Na2S) is tapped from the bottom
of the boiler and subsequently dissolved in a water solution
forming green liquor, which is then sent to the cauticising
stage, where Na2CO3 is converted to caustic soda via addition
of calcium oxide (CaO). Calcium carbonate (CaCO3) formed
during causticising is precipitated and removed from the liquor,
originating a then called white liquor. CaCO3 is burned in the
lime kiln to reform CaO, releasing CO2 (Lachenal, 2016; Quina
and Pinheiro, 2020).

CO2 is primarily produced via combustion processes. The
largest sources of CO2 are the recovery boiler, the biomass
(bark) boiler and the lime kiln. Given that the majority of fuel
used at the pulp mill is biomass-based, the CO2 produced is
largely biogenic (Kuparinen et al., 2019). Generally, the lime kiln
is the only source of fossil fuel-based CO2 emissions during
normal operation. Modern pulp mills are often self-sufficient
and can supply power to the grid, steam to local heating plants,
or heat to a district heating grid (IEA ETSAP, 2015; Tran and
Vakkilainen, 2016).

The pulp mill model developed for this study is based
on the work of Kermani et al. (2019), while the model for the
lime kiln is based on Adams (2007) and the recausticizing on
Sanchez (2000). The key modeling assumptions are summarized
in the Supplementary Information (SI).

The main identified biogenic residue streams, i.e., black
liquor and bark, can be valorised in alternative process routes to
cogenerate fuel, heat and electricity and thus improve the overall
resource efficiency of the Kraft mill. Gasification technology is
selected as the main focus of this work for valorising the bark
stream, as it enables low-quality solid fuels like biomass to be
converted to a synthetic fuel (Higman and Burgt, 2008).

For the gasification and fuel synthesis from bark, different
process routes of gasification and fuel synthesis types are
considered, yielding Fischer-Trospsch fuels (FT), DME and
methanol (MeOH). The general setup of all routes consists of
pretreatment, gasification, gas cleaning, gas conditioning and
fuel synthesis. All chosen fuels are generated in exothermic
fuel synthesis reactions and comprise promising application
opportunities as transportation fuels. As an alternative to
liquid fuel production, producer gas can be upgraded via
methanation to SNG. The process models for SNG and
alternative fuel production are adapted from Peduzzi (2015)
and Tock et al. (2010), further details can be found in the
Supplementary Material.

Since the conventional operation of the recovery boiler
fueled by concentrated black liquor is energy intensive due to
evaporation and concentration, hydrothermal gasification has
been considered a promising alternative to treat the weak black
liquor. This process is a type of gasification characterised by
operating above the critical point of water, where water has
the advantage of behaving like a non-polar solvent with a
low dielectric constant, high diffusivity and a low dissociation
constant (Huet et al., 2015). As water is needed in the processes
as both a reactant and a reaction medium, no evaporation
and concentration steps prior to gasification are necessary
(Kruse, 2016). Firstly, organic matter is solubilized and rapidly
decomposed by hydrolysis into smaller molecules, generating
a gas mixture. These reactions in solution are much faster
due to little to none heat and mass transfer limitations
(Blasio et al., 2016). Inorganic compounds of the black liquor
are precipitated because of the low dielectric constant in a
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salt separation step prior to gasification (Huet et al., 2015).
Depending on the reaction temperature, the producer gas is rich
in methane or hydrogen. Low reaction temperatures require the
application of a catalyst, proven to be challenging in combination
with black liquor (Cao et al., 2017b). Therefore, in this study
the focus lies on the production of hydrogen from black liquor
at high reaction temperatures. The models on gasification, salt
separation, hydrolysis and gas separation of black liquor are
based on the work of Gassner et al. (2011); Mian (2016) and
adapted to non-catalytic operation with information available
from Magdeldin et al. (2016), more details can be found in the
Supplementary Material.

Gasifying weak black liquor instead of sending it to the
conventional recovery cycle affects the operation of the mill.
During gasification, a natural partitioning of sulphur and sodium
results in a fraction of the sulphur leaving the gasifier in the
gas phase, and the remainder in the liquid phase. The sulphur-
sodium split during gasification leads to a higher causticiser
and lime kiln load compared to processing the black liquor in
a conventional recovery boiler. Less sulphur is available in the
condensed phase to form Na2S, resulting in a larger amount
of sodium carbonate (Na2CO3) being formed. The additional
carbonate must be converted to NaOH in the causticising unit,
resulting in a higher lime consumption, a higher load on the lime
kiln and an associated increase in lime kiln fuel consumption or
lime purchase (Larson et al., 2007).

Apart from the gasification of black liquor, different types
of electrolysis are considered to benefit from the net positive
electricity balance of the conventional Kraft process. Next
to alkaline water electrolysis, brine electrolysis facilitates the
recovery ofNaOHandNa2CO3 usingmembranes. Co-electrolyis
profits from high-temperature solid oxide electrolysis cells
(SOECs) used to convert CO2/H2O into valuable chemicals
(starting from CO/H2).

Aside from generating fuels, SNG and hydrogen by
means of gasification and electrolysis, the extraction of lignin
from black liquor prior to burning it in the recovery boiler
is analyzed as an option to improve the mill’s resource
efficiency.

In our approach, all process units are connected via a utility
system, comprising a steam network. The steam generation level
is set at high pressure and distribution takes place at multiple
pressure levels, chosen according to temperature-enthalpy
profiles of the system. It should be noted that due to the extremely
high alkali content of black liquor, advanced recovery boilers in
Kraft paper mills are limited to operating at steam temperatures
approaching 500 °C, being well below other advanced
boilers (Naqvi et al., 2010). Similarly, steam parameters must
be chosen conservatively. The described superstructure
is summarized in Figure 1; further details regarding
individual processes are provided in the Supplementary 
Material.

FIGURE 1
Overall process superstructure of the proposed integrated biorefinery concept. Black arrows represent mass flows. A detailed model description
is provided in the Supplementary Material.
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3.2 Overview of solution generation

The methodology for generating and exploring solutions
is adapted from Granacher et al. (2022), where an Interactive
Digital Twin assists the generation and exploration ofmeaningful
solutions for a given process superstructure in a bi-level
approach. Decision makers can influence the decision-making
process at different stages of the process by translating their needs
into computer language and steering the solution synthesis in the
desired direction (Figure 2).

In the first step, the units included in superstructure
are formulated in the lower level by means of mathematical
programming considering heat integration, following the MILP
formulation in Section 3.3. The unit’s behavior thereby is
described through resource and energy demands, specified at
the respective temperature levels. Units are related to specific
costs for investment, operation and maintenance, as well as
environmental impact. They share layers of in- and outgoing
streams, enabling them to be connected for synthesizing feasible
designs when generating solutions. As further specified in
Kantor et al. (2020); Maronese et al. (2015), units are subjected
to sizing constraints based on physical and technical feasibility.
After the superstructure has been formulated in the lower level,
the upper level framework explores the decision space and
defines a set of problems to be solved based on steering inputs
specified by the decision maker (Figure 2). In this case, steering
inputs include economic parameters subjected to uncertainty
pun and binary variables for adding or neglecting parts of the
superstructure.

Quasi-random Sobol sampling (Sobol, 1967) is used to
generate the decision space, allowing for fast and efficient
decision space exploration compared to classic pseudo-
random methods (Hou et al., 2019). For each sample in the
decision space, a Pareto-front of optimal results is generated

applying an adapted version of the augmented ɛ-constraint
method (Mavrotas, 2009), to the MILP formulation inherent
in the lower level. This results in the generation of a diverse
solutions space, containing Pareto-optimal fronts for different
economic scenarios. A Pareto front of ten points is created
for each of the 50 decision space samples that are generated,
with total annual expenditure (TOTEX) and environmental
impact (EI) as objectives. The generated solutions are reported
to the upper level, where strategic solution exploration is
applied to identify promising configurations for the decision
maker.

3.3 Mathematical formulation of
optimization framework

The methodology for the mathematical formulation of the
superstructure and optimization in the lower level is adapted
from Gassner and Maréchal (2009) and Kantor et al. (2020).
For each unit u in the system, energy and mass flow models
describe in the unit regarding conversion processes, physical
properties, mass and energy balances, and are used to obtain
the characteristics of the interfaces offered for integration with
other units. Presuming a set of possible units U and a set of
possible system states, binary decision variables yuseu and yuseu,t
define whether a unit is installed, and whether it is used in
period t of T. Continuous decision variables fmult

u and fmult
u,t

describe the size of the installed unit and the level of usage
at which it is operated in each period t. Continuous variables
fmult
u are constrained by parameterized upper and lower bounds
Fmin/max
u Similarly, the binary decision variables yuseu and yuseu,t

are limited by Yu that determines whether a unit is considered
for the generation of results. In the superstructure model,
these variables are related to each other by the set of Eq. 1.

FIGURE 2
Simplified flowchart of proposed methodology InDiT for the synthesis and exploration of solutions for superstructure optimization
(Granacher et al., 2022).
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FIGURE 3
Simplified flowchart of lower level framework integrated in
upper level Interactive Digital Twin (InDiT), adapted from
Granacher et al. (2022).

Fmin
u ⋅ yuse (u) ≤ fmult (u) ≤ F

max
u ⋅ yuse (u) ∀ u ∈ U

Fmin
u ⋅ yuse (u, t) ≤ fmult (u, t) ≤ F

max
u ⋅ yuse (u, t)∀ u ∈ U, t ∈ T

Yu ≥ yuse (u) ≥ yuse (u, t) ∀ u ∈ U, t ∈ T (1)

All units are connected to a utility system, allowing for
the exchange between the process and utilities to satisfy
the mass and energy demand and supply profile of each
unit. Chemical reactions, when relevant, are included for
the respective units by either calling simulation software
to provide reaction characteristics or blackbox models. For
the economic analysis, operating and investment costs are
calculated as a function of equipment size, using cost functions
available in Turton et al. (2008); Ulrich and Vasudevan (2003).
For environmental assessment, the LCI (Life Cycle Inventory)
Ecoinvent database (Wernet et al., 2016) is used to estimate
the environmental impacts associated with waste streams and
material use for the unit’s construction (Gerber et al., 2013).
Pinch analysis (Marechal and Kalitventzeff, 1998) and heat
recovery for optimal utility selection is used to model heat
recovery and the utility system integration by introducing the
heat cascade constraints.

The decision variables in the lower level framework
for a solution are fixed solving a mixed-integer linear
programming (MILP) problem formulated in AMPL
optimization language (Fourer et al., 2002), using the CPLEX
branch-and-bound algorithm (IBM, 2017). Figure 3 shows
the simplified structure of the lower-level framework,
including the superstructure description and the solution
evaluation for each problem formulated by the upper-level
framework.

3.4 Steering inputs (i)–Parameter
uncertainty

Steering inputs have the purpose to guide the generation of
meaningful solutions, taking parameter uncertainty and desired

key performance indicators into account. Acknowledging
parameter variations is of great importance as relying on current
market conditions to steer the solution generation might - if
chosen poorly - lead to system configurations that do not apply
in real-world applications (Tock andMaréchal, 2015).Therefore,
uncertainty is involved directly in the solution generation
procedure, considering different economic scenarios for solution
generation.This allows us to include solutions that are favourable
under certain market conditions, and identify robust ones
(e.g., showing good performance) for a large variety of market
conditions. Similar approaches were followed by Gassner and
Maréchal (2012), who decoupled thermodynamic performance
from economic metrics and in that way generated system
configurations that are independent of market conditions. For
choosing the distribution, caution needs to be taken as the proper
definition of sharp distributions is challenging. Regardless of the
approach followed, when applying uncertainty or sensitivity
analyses, the use of parameter distribution constitutes a major
challenge. Bertsimas and Sim (2004) demonstrated that the
usage of ranges is a viable opportunity, the hypothesis being
validated in Moret (2017) on energy system design. Following
this reasoning, variations of ±20% in the parameters are
considered when exploring the decision space for solution
generation. The assumptions on economic and environmental
parameters are summarized in the Supplementary
 Material.

3.5 Steering inputs (ii)–Decision variable
bounds

Apart from considering different market scenarios, different
process units can be considered, generating a diverse solution
space. As illustrated in Section 3.3, each unit is associated with
a binary decision variable, defining whether it is used or not.
Defining an upper bound Yu for this decision variable and
varying it when generating the decision space creates different
problems that can be solved by the MILP. While some units
are always considered, Yu is varied in the steering input for
others, in order to make the solution space more diverse. This
approach resembles an integer-cut constraint approach applied
to the upper level formulation. The Supplementary Material
provides additional detail on decision variables inherent to each
unit.

3.6 Steering inputs (iii)–key performance
indicators

To evaluate generated system configurations, economic,
thermodynamic and environmental criteria are chosen.They are
intended to serve decision makers in evaluating solutions by
using commonly used macro-indicators.
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3.6.1 Economic indicators
Operating expenditure OPEX consist of two main

components: cop1u , representing the fixed annual operating
expenditure (including maintenance) and cop2u that represents
variable annual operating expenditure, depending on the unit
size. The annual operating expenditure is calculated as the
sum of the operating expenses over all time steps t in T, and
all units u in U. Investment expenditure CAPEX describe the
costs associated with the purchase and installation of new
equipmentCinv, and are derived fromTurton et al. (2018); Ulrich
and Vasudevan (2003). Values were updated to 2020 using the
chemical engineering plant cost index CEPCI and annualized
over the expected lifetime n of the equipment nu with regard
to the interest rate i. Total expenditure TOTEX includes both
the annual operating expenditure and the capital expenditure,
providing an indication of the plant’s profitability and is thus
selected as the main objective function to be minimized. For
the system to be profitable, TOTEX needs to be negative. The
payback period ppayback relates the profit gained from the installed
unitsOPEXbio to their capital expenditure, andmeasures how fast
the investment is recovered. To calculate the payback period, only
the investment cost related to the biorefinery units are included
in the calculation, and the cost and revenues that can be directly
allocated to the operation of the fuel production units.

OPEX =
U

∑
u

T

∑
t=1
(cop1u ⋅ yuseu,t + c

op2
u ⋅ fmult

u,t ) ⋅ t
op
t (2)

CAPEXu =
i(1+ i)nu
(1+ i)nu − 1

⋅Cinv
u (3)

CAPEX =
U

∑
u
CAPEXu (4)

TOTEX = CAPEX+OPEX (5)

ppayback =
∑

u
Cinv
u

OPEXbio
(6)

3.6.2 Environmental impact indicators
The environmental impact (EI) of the energy system is

calculated based on direct and indirect fossil CO2 equivalent
emissions and multiplied by the impact factor ζCO

+
2 of the

respective indicator (Eq. 7). The equivalent CO2 emissions
account for units’ construction ξCO2

cu and dismantling ξCO2
du

, as
well as operation COei,op

2 . Emissions from operation include
extraction to gate and usage on site (direct emissions) of all
resources r in R (ϵCO2

r ). Furthermore, export of services such as
electricity and fuel is considered as ϵCO2

s for all exported goods s
in S.

The currently included impact category is the Global
Warming Potential GWP 100a from IPCC 2013 (ζCO+2 equals 1),
which, is widely applied and can serve as a benchmark category.

EI = ζCO
+
2COei

2

COei
2 = COei,op

2 +
U

∑
u
(ξCO2

cu + ξ
CO2
du
)fmult
u

COei,op
2 =

T

∑
t=1
(
R

∑
r
ṁ+r,tϵ

CO2
r +

S

∑
s
ṁ−s,tϵ

CO2
s )

(7)

3.6.3 Resilience indicators
As ameasure of resilience, the plant’s self sufficiency in regard

to electricity (E) ηE,self (Eq. 8).

ηE,self = Eproduced

Econsumed
(8)

3.6.4 Energetic and environmental indicators
The energetic efficiency ηen takes into account the conversion

efficiency of biomass into energetic products such as biofuels,
SNG, hydrogen and electricity. It is calculated using the lower
heating values (LHV) of each component.The carbon conversion
efficiency ηcarbon is defined as the ratio of carbon (C) leaving
the mill in products over the carbon entering the system. The
exergy efficiency relates the exergetic value Ex of the products
to the exergy of the input. The avoided fossil emissions AEfossil

are calculated as the difference of direct (on site) and indirect
fossil CO2 emissions as defined in COei

2 between an obtained
system configuration and the conventional mill, and the avoided
fossil emissions from not burning the fossil fuels replaced by the
produced biofuels COfuels,burn

2 . Eq. 9 summarized the energetic
and environmental indicators; fuels include all produced liquid
fuels, as well as SNG and hydrogen.

ηen = mfuels ⋅ LHVfuels +Esell

mwood ⋅ LHVwood +Ebuy

ηcarbon = Cpulp +Cfuels

Cwood

ηexergy = Expulp +Exfuels +Exelectricity,sell

Exwood +Exelectricity,buy

AEfossil = COei,conv
2 −COei

2 +CO
fuels,burn
2

(9)

4 Results

In order to identify and analyze alternatives to treat residuals
in a systematic way, the previously described superstructure
of pulp production integrated with various biomass conversion
processes is synthesized and used for solution generation. The
pulp production is set constant, and the import of biomass
remains unchanged.Thus, themain aspects of the superstructure
include the alternative process routes for converting the
residue streams, and the resulting products. The superstructure
is formulated using mathematical programming and multi-
objective optimization is applied to generate results, as specified
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in the methods. Obtained solutions are fully integrated in terms
of mass and energy concerns, profiting from heat recovery
between the individual processes.

4.1 Solution exploration

Solution exploration is realized as an interactive visualization
and filtering procedure, in which the decision maker can specify
needs and retrieve the most suitable designs. Aside from filtering
solutions based on objective functions and other performance
criteria, parameter uncertainty as well as the diversity of
the solution space are considered (Granacher et al., 2022). For
quantifying uncertainty, key performance indicators of solutions
featuring unique configurations are recalculated for parameter
distributions. This generates insights on the resilience of a given
configuration to variations in market conditions, and provides
means of informed decision-making. The economic KPIs are
recalculatedwith a sample set of 10,000 parameters that represent
a uniform variation of the nominal market conditions (see SI)
by 20%. With the obtained distributions, a desired percentile
of economic KPIs can be derived for each configuration and
included in the decision making process. In the presented
case study, all solutions in which the 95th percentile of the
total cost (TOTEX 95%) is negative are selected for further
considerations, meaning that the configuration is profitable in
95%of the parameter sets in the distribution. From500 generated
configurations, 441 feature unique configurations, of which all
are profitable under the given definition.

Profitable solutions are further clustered based on
configurations to derive typical solutions.The number of clusters
is decided based on Shiluette Rousseeuw (1987) and Elbow
Davies and Bouldin (1979) criteria, after data normalization
and dimensionality reduction. The t-distributed stochastic
neighbor embedding formulation is employed to convert a high-
dimensional space to a 2D object using principal component
analysis and retaining a high-degree (0.99) of explained variance.
The K-medoids algorithm is used for clustering; for each
cluster, the solution performing preferably with respect to
a user-defined key performance indicator is selected. In the
presented case, cluster representatives are selected as being the
centroids, ensuring maximum presentability of the identified
configurations.

4.2 Typical configurations

Clustering based on configurations yields six typical
solutions, all but one featuring additional equipment compared
to conventional mill operation (Table 1). In the following, they
are displayed and labeled by increasing EI, considering only
indirect emissions. ID0, the configuration with the lowest EI is
defined by simultaneous production of liquid fuels (MeOH, FT),

lignin extraction, electricity export and hydrogen generation
from gasification. In this configuration, all available bark and
28% of the available black liquor are gasified (Table 1). ID1
features a similar configuration, although more MeOH is
produced at the tradeoff of no FT fuel production. Natural gas
consumption is triggered due to less offgas avalability for fueling
the lime kiln; 57% of the produced hydrogen is used for fuel
synthesis. In ID2, liquid fuel production (DME) is coupled with
hydrogen production for usage in fuel synthesis by gasifying
24% of the available black liquor. ID3 includes no additional
units compared to the conventional operation of the mill and
represents the cluster of typical mill operation. ID4 combines the
export of lignin and hydrogen from gasification of 48% of the
black liquor. ID5 includes FT fuel and SNG production, coupled
with hydrogen export from gasification of 61% of the available
black liquor. The high share of black liquor gasification increases
the lime demand, but natural gas can be replaced completely
with offgases of the hydrogen and fuel production. It needs to be
noted that the solutionswere generatedwith no restriction on the
amount of black liquor gasified. In future work, this assumption
needs to be validated regarding feasible operation of the recovery
boiler at reduced load; and potentially the option to increase pulp
production could be explored.

4.3 Environmental and energetic
considerations

While the indirect fossil emissions increase continuously
throughout the selected solutions, the direct fossil emissions
on site are only dependent on the burning of natural gas
(Figure 4A). As more natural gas is needed in ID1 compared to
ID0 without an increase in negative impact from product sales,
an increase in EI between ID0 and ID1 is notable. Carbon, energy
and exergy efficiencies are decreasing, due to less carbon and
energy being stored/available in the form of fuel (Figures 4A,B).
Indirect fossil emissions increase further when only DME and
lignin are produced in ID2, while direct fossil emissions decrease.
Both, the biogenic carbon stored in fuel and fossil carbon
emissions due to natural gas consumption decrease compared
to the previous configuration. However, the overall effect is still
a decrease in avoided fossil emissions (AE). ID3 mirrors the
conventional operation of themill, where no additional products
apart from pulp and electricity are produced, leading to positive
EI from natural gas and lime consumption, the highest share of
released biogenic and fossil carbon throughout the configuration
portfolio and the lowest carbon, energy and exergy efficiencies.
When the product portfolio in ID4 becomes more diverse again,
the indirect EI increases further, since a high share of black liquor
gasification causes a high demand for lime, which can not be
offset by the negative impact factor of the products. The same
effect can be observed in ID5, where over 60% of the black
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TABLE 2 Production characteristics of identified configurations of highest carbon in fuel (CF), highest avoided fossil emissions (AE), highest energy in fuel
(EF) and lowest total cost (TC).

EI TOTEX 95% Carbon in fuel Energy in fuel Av. Foss. Emissions % of gasif.
[kg CO2/t wood] [USD/t wood] [kg/t wood] [TJ/t wood] [kg CO2/t wood] black liquor

CF 14.5 −298.7 30.4 1.4 123.8 70.0
AE −15.8 −265.7 25.6 1.3 117.4 28.4
EF 2.8 −315.0 17.7 1.6 77.7 70.0
TC 10.0 −318.9 21.4 1.4 88.3 70.0

Export (in kg/t wood, Electricity in kWh/t wood)

FT MeOH Lignin SNG Electricity H2

CF 15.8 0.0 0.0 22.2 0.0 5.4
AE 15.8 31.6 0.0 0.0 0.0 0.0
EF 15.8 10.5 7.9 0.0 66.8 5.6
TC 15.8 0.0 0.0 10.3 72.7 5.6

liquor is gasified, yielding - on the one hand - a rich product
portfolio, and high energetic efficiencies, but on the other
hand, increases lime purchase needs due to exploited capacity
limitations of the existing lime kiln. However, direct EI are
completely avoided, due to the usage of offgases in the lime kiln.
All five typical solutions are self-sufficient regarding electricity
consumption and allow for export of electricity. Overall, there is
a relation between avoided fossil emissions, carbon in fuel and
natural gas consumption, as they influence each other directly.
The more carbon captured in fuel, the more emissions from
burning fossil alternatives can be avoided, while natural gas
consumption has a counter-acting role on this relation. From
the energetic and environmental perspective, there is no strong
relation between biogenic carbon allocation and natural gas
consumption, as different market values were assumed, so the
monetary incentives of buying natural gas/selling electricity
played a role in generating the solutions. Storing or converting
biogenic carbon instead of releasing it does not lead inevitably
to less fossil carbon emissions, as some of the effects described
above lead to higher fossil fuel consumption, for example for
lime kiln operation. Furthermore, increasing lime purchase
demands due to capacity limitations of the lime kiln can lead to
a significant increase in EI when large shares of black liquor are
gasified.

From the six typical configurations obtained from the
solution exploration, four perform better economically
compared to the conventional operation of the mill, based
on TOTEX 95%. For the remaining two (ID2,3), subsidies
compensating the ΔTOTEX 95% between the respective
configuration and the conventional mill are calculated for
selected emission characteristics. The first emission property
analyzed is avoided fossil emissions AEfossil, accounting for
avoided direct and indirect emissions and avoided emissions
from burning fossil products substituted by biogenic fuels,
further referred to as SAE. Furthermore, avoided direct and

indirect emissions as calculated in EI between a configuration
and the conventional mill (SEI); captured biogenic CO2 (SCB)
and the sum of avoided fossil emissions and captured biogenic
CO2 (SAECB) are considered. Figure 4C shows that for ID2,
ΔTOTEX 95% can reach zero by providing benefits of 78 USD/t
CO2,equ to SAE. As ID3 does not only feature higher total cost but
also only slightly less SAE emissions, no compensation scheme
that lies in a reasonable monetary range is possible for avoided
fossil emissions. When SEI is considered for providing offset,
ID2 reaches ΔTOTEX 95% of zero for 118 USD/t CO2,equ.
However, when captured biogenic carbon is rewarded (SCB),
compensating subsidies are at 64 USD/t CO2,eq for ID2. Since
no biogenic carbon is captured in ID3, the TOTEX stays
indifferent to the rewarding assumptions. For SAECB, the
break-even compensation can be reduced to 35 USD/t CO2,equ
for ID2.

Thus, for the configurations analyzed, rewarding captured
biogenic CO2 and avoided fossil emissions is the most effective
way to make configurations profitable for the mill compared to
conventional configuration of the Kraft process. Solely basing the
benefit analysis on avoided fossil emissions is less efficient than
providing benefits for captured CO2.

To extend the analysis, three additional configurations are
selected from the set of unique configurations; one with the
largest share of carbon in fuel (CF) observed though all unique
configurations, one with largest amount of energy in fuel (EF)
and one with highest avoided fossil emissions (AE). Revenues
for avoided CO2 for which the respective solution becomes as
profitable as the solution performing best economically (TC) are
calculated, providing insights on the sensitivity of the system’s
profitability towards compensation subsidies in extreme cases
(Figure 5). Minimum TOTEX 95% is achieved by simultaneous
production of FT fuels, SNG, electricity and hydrogen from
black liquor gasification, the latter being completely exported
and not used in fuel synthesis (Table 2). TOTEX 95% reaches
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FIGURE 4
Energetic and environmental aspects of identified configurations. (A): Environmental impact split and efficiencies, (B): relative biogenic carbon
shares and carbon characteristics, (C): Profit sensitivity analysis of ID2,3 for different benefit structures

the minimum of -320 MUSD/t wood. The maximum share of
carbon stored in fuels is achieved by the joint production of
FT, SNG and hydrogen. 69% of the black liquor is gasified,
leading to over double the lime import compared to conventional
operation. TOTEX 95% is 7% above the minimum and can be
offset by benefits on CO2 between 165 (SAE) and 174USD/t CO2
(SAECB) (Figure 5).

Highest avoided emissions are achieved by a combination
of FT and MeOH production. Only 28% of the black liquor
is gasified, yielding less impact caused by importing additional
lime. Overall, TOTEX 95% is 17% above the minimum in the
economically best-performing scenario TC, and can be offset by
benefits of 395 USD/t CO2 for SAE. When the highest energy
content in fuel is elected, the optimal configuration features FT,
MeOH, lignin, electricity and hydrogen production, with 70%
of the black liquor being gasified. Compensation for the 2%
higher TOTEX 95% compared to the best economic scenario
can be achieved by benefits between 43 (SAECB) and 528 USD/t
CO2 (SEI, Figure 5). It is worth noting that scenarios CF and
EF perform better economically than the reference operation
of the mill, with a TOTEX 95% improvement between 1 and
6%. For AE, the same economic performance as in the reference
operation can be achieved for carbon benefits between 202
(SAECB) and 239 USD/t CO2 (SEI).

Thus, if the impact factor is to stay below the conventional
operation of the mill, fuel production is limited by the emissions
of increased lime demand, while natural gas consumption
can be avoided by burning offgases of gasification in the
lime kiln. In addition, the observed variations of the TOTEX
95% in all extreme solutions remain relatively small, allowing
for offsetting emissions with realistic compensation schemes,
thus making environmentally profitable solutions economically
viable.

4.4 Validation of integrated approach

In order to identify the benefit from combined consideration
of pulp and fuel production from both, bark and black
liquor gasification simultaneously, the solution space of all
unique configurations is filtered for solutions only applying
bark gasification and solutions only considering black liquor
gasification. These solutions were generated due to the approach
of varying unit considerations in the steering inputs of the
solution generation (Section 3.4). For the configurations only
considering bark or black liquor gasification, average economic
and environmental key performance indicators are compared to
the results obtained for all unique configurations. When only
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FIGURE 5
Sensitivity analysis of three configurations regarding compensation benefits for avoided fossil emissions (SAE), EI (SEI), captured biogenic CO2

(SCB) and the combination of SAE and SCB (SAECB).

bark gasification is considered and all black liquor is treated
in the conventional recovery boiler, energetic efficiency is on
average 3% lower than the obtained average from all considered
configurations, while the carbon efficiency is decreased by 6%.
Configurations considering only black liquor gasification have
decreased energetic efficiency of 2% and decreased carbon
efficiency of 6%.On average, 53% less fossil emissions are avoided
when only bark gasification is included; for the cases with only
black liquor gasification, it is 26% less than the average over
all configurations. Average environmental impact is increasing
by 15% in the bark-related configurations; for the black liquor
configurations, the average stays within 1% of the one obtained
from all configurations. Self-sufficiency is not influenced, as
all obtained unique configurations are fully self-sufficient in
electricity demand. When looking at the economic performance
indicators, averageTOTEX95%of both solution subsets iswithin
2% of the respective indicator for the whole set of configurations.
In summary, it is found that environmental and energetic
indicators generally profit from the integration of combined
bark and black liquor gasification, whereas self-sufficiency and
economic considerations are not influenced significantly.

4.5 Perspective of combined production
on the mill and the energy system

Lookingmore carefully at the energy systemof tomorrow, the
question to answer regarding transportation fuel will eventually
be, how the fossil energy carriers - especially those used for
freight transport - can be replaced with sustainable alternatives.
While electricity is a promising option for personal transport,
trucks and lorries are often dependent on the high energy density
of fossil options. The configuration with maximum energy in
fuel (EF) is selected to provide a perspective of combined
production on the energy system. As Table 3 displays, a total of
1,634 MJ of fuel equivalent is produced per ton of wood, split

into FT, MeOH and hydrogen. Scaling this production to France
and the European Union using the roundwood consumption
of the pulp industry leads to a perspective in production of
7216 TJ of fuels from the pulp mills in France and 89,545 TJ
in all of Europe. When the generated fuels are used to replace
fossil energy carriers in road freight transport, about 2% can
be replaced for France and the EU. Assuming a worldwide
demand of 8.8 Terra revenue passenger kilometers (RPK) in 2019
(International Civil AviationOrganization, 2019), approximately
5% of passenger aviation energy demand could be replaced with
the worldwide fuel potentially available from combined pulp and
fuel production.

Comparing the TOTEX 95% of the configuration EF to that
of the conventional mill operation, a competitive selling price
of 0.011 USD per MJ of fuel is sufficient for the mill to break-
even with the conventional TOTEX 95%. This corresponds to
a diesel price of 0.57 USD/l, a gasoline price of 0.67 USD/l
and a hydrogen price of 1.39 USD/kg. When following a more
conservative approach and limiting the maximum amount of
black liquor to be treated alternatively to 30%, the competitive
selling prices are 2.2 USD/l for diesel, 5.6 USD/kg for hydrogen
and 2.7 USD/l for gasoline. Considering the current market
prices of the energy carriers, the prospective increasing demand,
as well as policies and political instability, the co-production
of pulp and fuels seems to be economically interesting and
environmentally sound.

4.6 Market impact on the solutions and
robustness of configurations

To select one solution From the pool of typical configurations
identified, the relationship between economic KPIs and
parameter uncertainty is taken into account. To calculate the
correlations, the same Sobol sequence sampling algorithm
previously used to calculate the KPI distribution for economic
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TABLE 3 Production perspective and commodit replacement potenital.

Analyzed mill

 Fuel production MJ/t wood 1,584 (705 FT, 208 MeOH, 669 H2)

Energy system perspective

 Region France EU 27 World
 Analyzed commodity Road freight transport Aviation
 Pulpwood consumption (Nations, 2020; Eurostat, 2022b) Mio. Tovendry 4.4 54.7 314.0
 Fuel production potential TJ/yr 6,990.6 86,747 497,323
 Road freight transporta (Eurostat, 2022c,a) Bio.TKM/yr 280 1745 NA
 Passenger aviation (International Civil Aviation Organization, 2019) Bio. RPK/yr NA NA 8.8
 Commodity replacement potentialb % 2 2 5

aTKM: tonne km.
bGiven for the analyzed commodity in the respective region. Conversion factors and energy intensity from (International Energy Agency, 2021), energy intensity of TKM, for trucks
from (European Environment Agency, 2020).

FIGURE 6
Correlations between TOTEX, CAPEX, and OPEX and the parameters subjected to uncertainty.

TABLE 4 Parameters with the highest correlation to KPIs for each
typical configuration.

ID KPI Top 1 Top 2 Top 3

0 OPEX FT price Freshwater price Lignin price
0 CAPEX Interest rate Lifetime pun FT

a

0 TOTEX FT price Interest rate Lifetime
1 OPEX Freshwater price MeOh price Lignin price
1 CAPEX Interest rate Lifetime pun MeOH
1 TOTEX Freshwater price MeOh price Interest rate
2 OPEX Freshwater price Lignin price DME price
2 CAPEX Interest rate Lifetime pun DME
2 TOTEX Freshwater price Interest rate Lifetime
3 OPEX Freshwater price Elec. Selling price Nat gas price
3 CAPEX Interest rate Lifetime pun wet
3 TOTEX Freshwater price Elec. Selling price Nat gas price
4 OPEX Freshwater price H2 price Elec. Selling price
4 CAPEX Interest rate Lifetime pun wet
4 TOTEX Freshwater price H2 price Elec. Selling price
5 OPEX FT price H2 price Freshwater price
5 CAPEX Interest rate Lifetime pun FT
5 TOTEX FT price Interest rate H2 price

aPun,x denotes investment cost of respective unit x.

uncertainty is applied to the set of economic parameters, with a
sampling size of 10,000. Correlations between a KPI of interest
and the parameter set of the optimization are derived using
the Spearman correlation (Dodge, 2008), and displayed in a
polar plot sequenced by decreasing significance (Figure 6). For
TOTEX, the most significant parameter in the Pareto-optimal
solution set is the quicklime price, followed by freshwater price,
interest rate and lifetime. OPEX is most dependent on freshwater
price, electricity price, FT and quicklime price (Figure 6). For
CAPEX, the interest rate, lifetime and the equipment cost of the
FT and MeOH units are most relevant. Although the selected
solution set considers the variation in economic parameters, one
must keep in mind that variations in the identified parameters of
interest certainly influence the economic performance previously
evaluated.

Taking the analysis one step further, the correlations
between KPIs and parameters are derived for each individual
solution in the Pareto-optimal set to help make an informed
decision. Table 4 shows the parameters with the highest
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correlation towards a KPI for each Pareto-optimal solution.
Not surprisingly, CAPEX is always dependent on the interest
rate and lifetime of equipment, as well as the investment cost
of the most significant units in the configuration. For OPEX
and TOTEX, more diversity is observed; depending on the
activated units of a given solution, different parameters are
more relevant than others. This could serve as an indication
for preferring certain solutions over others for different market
assumptions.

5 Discussion and conclusion

The future development of the energy system comprises the
replacement of fossil fuels, the integration of renewable energy
resources and the need for negative emission processes. Biomass
as a sustainable energy carrier offers promising opportunities to
provide thermal energy at high temperature and, at the same
time, energy storage opportunities. In this work, the realization
of the design of a Kraft pulp mill integrated with biomass
conversion technologies to improve energy efficiency while
enabling the production of storable energy in the form of liquid
fuels is presented.The twomain residual streams, bark and black
liquor, are treated via gasification processes, and different types
of fuel synthesis options from producer gas are included in the
analysis. The black liquor is gasified in hydrothermal conditions,
making the energy-intensive evaporation and concentration in
the mill redundant. Moreover, the usage of electrolysis units
is enabled, which can benefit from excess electricity in the
grid for the production of hydrogen and syngas. The main
implication thereby is to generate solutions that profit from full
energy integration when co-producing pulp and fuel, without
penalizing the anticipated pulp production. Furthermore, our
superstructure is profiting from energetic benefits arising from
combined consideration of bark and black liquor gasification.
Rigorous mathematical programming is coupled with multi-
objective optimization for the generation of a variety of solutions.
A filtering mechanism is suggested for selecting solutions based
on competing objectives and performance under economic
uncertainty. From six typical configurations identified, four are
economically preferable compared to the conventional Kraftmill
configuration, while also providing energetic benefits featuring
higher carbon and energy efficiencies. For configurations
achieving the highest energetic and environmental performance,
subsidies for avoided fossil emissions or captured biogenic
carbon could realistically offset financial deficiencies. Looking
closely at the European energy system, 2% of the required energy
for road freight transport could be provided by the suggested
superstructure configurations, while worldwide, approximately
5% of passenger aviation fuel could be replaced. From the
mill perspective, the co-production of fuel and pulp is viable
above a certain fuel selling price which is currently identified

as being well below market prices. Even though the current
approach includes a variety of process units in the superstructure
optimization for combined pulp and fuel production, the
holistic analysis is constrained by the limited number of
units included. For a complete analysis, production of other
fuels as well as bio-based products could be included in the
analysis, to enhance the consideration of a fully integrated
biorefinery. Additionally, further investigation on the feasibility
of operating the recovery boiler at low capacities, or potentially
decoupling the recovery cycle from the pulp production to
increase the production capacity is required. Furthermore, the
investigation of power-to-X technologies such as electrolysis
is hindered by the lack of multi-time considerations, that
would be able to capture the benefit of such technologies
in the light of varying electricity availability. Future work
includes the careful assessment of superstructure completeness
and potential consideration of additional processes, such as
hydrothermal liquefaction. Furthermore, consideration of time-
dependent mill operation, taking into account seasonal resource
price variations, and its potential to serve as an energy hub
for reliably storing and providing energy when required will be
included, yielding promising findings for assisting the energy
transition.
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