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This manuscript describes the conceptual process design of an integrated xylitol
biorefinery with value-added co-products. Based on an existing three-step framework,
the main product of a second-generation integrated biorefinery is chosen in the first stage.
Based upon this, other decisions as the feedstock and value-added co-products are
made. All relevant unit operations for the process are introduced. An initial superstructure
with all potential process alternatives is composed of all introduced models. In the second
step of the framework, a global sensitivity analysis is performed, firstly with coarse
sampling to determine all viable flowsheet options and secondly with fine sampling to
determine the most sensitive operational variables. As a result of the sensitivity analysis,
most of the flowsheet options in the initial superstructure are not feasible. Based on these
results, flowsheet sampling with the five most sensitive operational variables is performed
to create surrogate models. In the scope of this work, three types of surrogate models are
benchmarked against each other. Regarding the results of the superstructure
optimization, firstly, it becomes apparent that the production of biokerosene does not
contribute significantly to the net present value of the biorefinery. Furthermore, reducing
the number of unit operations in the downstream processing leads to lower capital
expenditures, but it lowers the product yield. Lastly, most flowsheets are economically
feasible, indicated by a positive net present value. Based on this result, the most promising
candidate process topology is subjected to the third step of the framework, including
uncertainty in capital expenditure and operational expenses according to their estimations
and uncertainties in the product prices. As a result, the net present value of the flowsheet
turns negative, indicating that the high uncertainties for the expenditure and the expenses
do not allow for an economically feasible operation. Lastly, the analysis of conceptually
designed process flowsheets based on Monte Carlo sampling shows failure rates, with the
NPV falling below the break-even point, of around 60% probability or higher. Based on
these results, an economically feasible construction and operation of a xylitol biorefinery
seems unlikely. Further ways to improve the metrics are elucidated.
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INTRODUCTION

Biorefineries are considered an essential part of a strategy towards
more sustainable production patterns of fuels and chemicals as
demanded by the 2030 Sustainability Agenda of the United
Nations (United Nations, 2015). In general, a biorefinery is a
production concept for the conversion of biomass into different
products, e.g., xylitol (Cherubini, 2010). In this regard, a
multitude of realizations of this biorefinery concept have been
investigated and published in the past decades. As diverse as the
realizations are, the classification of biorefinery setups is not
standardized and varies depending on the type and generation of
utilized feedstock, the utilized conversion technologies, the
obtained product type and number, and the integration level
(Cherubini, 2010; Bastidas-Oyanedel and Schmidt, 2019; Ubando
et al., 2020). Nonetheless, all of the elaborated concepts have in
common that their sustainability potential is compelling, but their
economic viability is generally described as challenging to achieve
(Ubando et al., 2020).

Xylitol as a product has gained attraction throughout research
for several decades. Xylitol is an excellent sugar substitute with
many beneficial health properties, as around 40% fewer calories
than sucrose, anticariogenic properties, and a low glycemic index,
making it perfectly suitable for diabetic nutrition (Da Silva and
Chandel, 2012). Furthermore, several studies indicate a potential
use as building bock chemical (Hernández-Pérez et al., 2019;
Delgado Arcaño et al., 2020). Due to the high interest and
potentially high product prices, the US Department of Energy
declared xylitol one of the top 12 chemicals to be produced in a
biorefinery already in 2004 (Werpy and Petersen, 2004).

To this end, all major xylitol producers employ a chemical
production process with the hemicellulosic fraction of
lignocellulosic biomass as feedstock. According to Delgado
Arcaño et al. (2020), the production process consists of four
steps, namely 1) the biomass pretreatment, 2) the purification of
the obtained xylose, 3) the chemical conversion of xylose to
xylitol, and 4) the purification of the produced xylitol. Both the
purification steps and the temperature and pressure conditions
required for the conversion process induce high costs, which
explains the comparatively high product price of xylitol
(Hernández-Pérez et al., 2019).

An alternative production route for xylitol is the fermentation
with suitable organisms in a biotechnological process. A
significant number of research publications on the
biotechnological production with either wild-type or
genetically modified microorganisms exist. However, all of
them do point out that there is no consensus on any
economically viable full-scale production process, and further
conceptual research needs to be performed on this, primarily
focusing on an efficient pretreatment technology, robust cell
factories, and an optimized downstream process (Albuquerque
et al., 2014; Rao et al., 2016; Dasgupta et al., 2017; Hernández-
Pérez et al., 2019). Both the chemical production route and the
biotechnological production route are found on similar
pretreatment unit operations, given the fact that also in the
biotechnological process, the feedstock is lignocellulosic
biomass. However, a significant advantage of the

biotechnological route is the resilience towards impurities,
reducing the effort to purify the hemicellulosic hydrolysate
from the pretreatment (Hernández-Pérez et al., 2019).

Due to these considerations, this work focuses on a multi-
product second-generation integrated biorefinery, referring to
lignocellulosic biomass as second-generation feedstock. Both the
approach of producing multiple products from biomass to utilize
the feedstock to a maximum amount and the optimization of heat
and mass integration are prone to augment the economic
viability, which makes this concept most promising both
regarding the sustainability and the economic aspect (Bastidas-
Oyanedel and Schmidt, 2019; Ubando et al., 2020). Nonetheless,
the question of which products to co-produce in the biorefinery
setup, which feedstock to utilize, and how to introduce efficient
ways to integrate the process remains challenging. Hence, this
demands a conceptual design approach to ensure an optimal
process design of the biorefinery to answer the conceptional
underlying question regarding the economic feasibility of such
biorefinery concepts under given technological and economic
conditions.

Concerning conceptual process design, there exist several
schools of thinking. In the S3O framework, a synergistic
approach is followed to best integrate expert knowledge,
optimization approaches, and simulation-based strategies to
leverage synergies for the conceptual design of bioprocesses in
three steps (Vollmer et al., 2021a). The framework is applied for
the case study of designing a xylitol biorefinery with value-added
co-products in this manuscript. In the first step, the main product
(xylitol) and value-added co-products (succinic acid,
biokerosene, heat) are selected after thorough reasoning,
together with the potential feedstock (wheat straw) and
potential unit operations that are suitable for the
biotechnological production of xylitol. In the second step, key
performance indicators, e.g., the net present value (NPV) of the
plant, are used as the objective function to maximize the
economic potential of the plant by finding the most suitable
operational conditions and process configuration. Lastly, in the
third step, the found process and operational conditions are
optimized under uncertainty to consolidate the process design.
Based on the results of the second and third step of the
framework, a techno-economic analysis (TEA) is performed.
The TEA involves Monte Carlo-based uncertainty analysis to
quantify the influence of different economic and operational
factors on the economic feasibility of the process. The major
novelty of this work in comparison to similar studies is the
integration of mechanistic models via the synergistic
optimization-based framework for the conceptual process
design and the use of detailed data for the equipment to
obtain a realistic estimate of the capital expenditures and
operational expenses and detailed market prices for the
techno-economic analysis of the biotechnological production
of xylitol (Franceschin et al., 2011; Mountraki et al., 2017;
Giuliano et al., 2018).

The remainder of the paper is structured as follows: theoretical
background is provided about the product xylitol and its
production process in a potential biorefinery setup, followed
by an in-depth description of all unit operations and their
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respective mechanistic model, which is used in the process design
framework. Afterward, the structure and functionalities of the
framework are elucidated in detail and provide additional
considerations regarding the costing and sizing of equipment.
Lastly, the specific calculations regarding the techno-economic
and the sustainability analysis are introduced. In Results, the
results are presented. In Conclusions and Future Research,
conclusions are drawn, and an outlook to future research is given.

MATERIALS AND METHODS

Feedstock and Products
Feedstock
In general, lignocellulosic biomass consists of three main
fractions, namely hemicellulose, cellulose, and lignin. All three
possess a polymer structure and are composed of typical
monomers: Hemicellulose consists mainly of pentose sugars,
mostly xylose, and smaller amounts of arabinose (Vollmer
et al., 2021c). Cellulose consists mainly of glucose monomers,
while lignin is a mostly heterogeneous macromolecule consisting
of the three monolignols p-coumaryl alcohol, coniferyl alcohol,
and sinapyl alcohol. Their fractions largely depend on the type of
feedstock, and theoretically, all of them can be converted to
different products. Wheat straw, as the considered feedstock in
this case study, has a comparatively high fraction of hemicellulose
sugars, which indicates a potentially high yield of xylose
monomers.

Xylitol
Xylitol (C5H12O5) is the sugar alcohol of xylose, an aldopentose,
and naturally occurs in woods and other crop plants
(Albuquerque et al., 2014). It is highly soluble in water and
has a negative heat of solution. As mentioned in Introduction, the
increasing interest in xylitol is also reflected by the growing
market size of xylitol. With a market size of 670 Mio USD at
161.5 mio MT produced in 2013, this is supposed to grow to a
volume of 1.15 Bio USD at 266.5 mio MT in around 2023 at a
market price of 4.5–8.1 USD/kg (Hernández-Pérez et al., 2019;
Delgado Arcaño et al., 2020). Main producers for the global
market are Danisco DuPont (DK, FI), Futaste (CN), Cargill (US)
and Mitsubishi Corporation (JP) amongst others (Hernández-
Pérez et al., 2019).

In the chemical production, as mentioned in section 1, acid
hydrolysis is performed for the biomass pretreatment, which
mainly fractionates and depolymerizes the hemicellulosic
fraction of the lignocellulosic biomass. The obtained
hydrolysate consists primarily of xylose monomers, as they
constitute the major part of the hemicellulose. The following
xylose purification step is necessary due to the formation of
various inhibitory substances, e.g., 5-hydroxymethylfurfural and
furfural, which otherwise would lead to rapid deactivation of the
catalyst in the conversion process. Subsequently, the xylose is
converted to xylitol under the presence of hydrogen on a metallic
catalyst, classically Raney nickel, with high yields and conversion
rates. Lastly, the produced xylitol is purified in several steps
(Delgado Arcaño et al., 2020).

In the biotechnological production, for the employed cell
factories in the fermentation, a plethora of different
microorganisms has been studied regarding their potential of
producing xylitol at a favorable yield, productivity, and titer.
Yeast strains are primarily in focus due to their natural ability to
assimilate xylose and convert it into xylitol. In particular, Candida
species, Debaromyces hansenii, and Kluyveromyces marxianus are
suitable cell factories with yields of xylitol from xylose around,
volumetric productivities of qXyo � 0.2 − 5 g · L−1 · h−1 and titers
of (Dasgupta et al., 2017). Figure 1 shows the pentose
assimilation pathway in yeasts for the specific case of xylose
with the corresponding co-factors, according to Albuquerque
et al. (2014).

As illustrated, xylose is assimilated through the cell wall and
converted in the first step to xylitol. Xylitol is then further
converted and ultimately ends up in the anabolism to form
biomass or converted via the pentose phosphate pathway into
metabolites participating in the glycolysis and ending up as
pyruvate (Albuquerque et al., 2014). In order to maximize the
operational yield for xylitol in a fermentation process, the
conditions of the process have to be adjusted accordingly to
prevent the consumption of xylose for further process steps. A
key parameter here is the aeration of the process: several studies
have shown that aerobic conditions with a low oxygen availability
are advantageous with regards to the availability of co-factors, as
shown in Figure 1 (Albuquerque et al., 2014; Rao et al., 2016).
Furthermore, the availability of co-substrate as, e.g., glucose at
lower concentrations is beneficial for the productivity of the cell
factory (Rao et al., 2016; Hernández-Pérez et al., 2019).

Those and other prominent candidates as Saccharomyces
cerevisiae have been subjected to metabolic and genetic
engineering strategies to increase productivity and titer for
xylitol production (Rao et al., 2016; Dasgupta et al., 2017;
Hernández-Pérez et al., 2019). The main targets are the
overexpression of xylose reductase, the suppression of xylitol
dehydrogenase, the knockout of the genes for xylose isomerase
and xylitol dehydrogenase, as well as more advanced engineering
strategies to up- and downregulate the availability or completely
shifting co-factors (Rao et al., 2016; Dasgupta et al., 2017;
Hernández-Pérez et al., 2019). Furthermore, evolution
techniques have been successfully applied to increase the
tolerance to inhibitory components (Hernández-Pérez et al.,
2019). The performance metrics of these engineered cell
factories are yields of xylitol from xylose around
YXyl,Xyo � 0.6 − 1.0, volumetric productivities of qXyo � 0.3 −
3.2 g · L−1 · h−1 and titers of cXyo � 20 − 120 g · L−1 (Dasgupta
et al., 2017; Hernández-Pérez et al., 2019). Overall, this leads to
the conclusion that engineered cell factories can significantly
contribute to the economic potential of a biotechnological
production process of xylitol.

Value-Added Co-Products
Succinic Acid
Succinic acid, also identified as one of the top 12 biobased
chemicals by the US Department of Energy, has potential use
as a platform chemical (Werpy and Petersen, 2004). What makes
the biotechnological production particularly attractive from a
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sustainability point of view is the possibility of CO2 capture in the
process, as the process stoichiometry requires a net CO2 uptake
(Mancini et al., 2020). Succinate is a metabolite in the citric acid
cycle and naturally occurs in most microorganisms. The
production of succinic acid with cell factories has been
investigated thoroughly: the most promising cell factories for
production are, amongst others, Actinobacillus succinogenes and
Mannheimia succiniciproducens (Mancini et al., 2020). Also,
engineered cell factories like Escherichia coli show favorable
yield, productivity, and titer (Mancini et al., 2020). A problem
with the biotechnological production is the formation of other
organic acids and the induced product inhibition, which can
impair the performance of a fermenter and a complex
downstream process (Mancini et al., 2020).

Biokerosene
As lignin consists of a vast mixture of differently polymerized
aromatic compounds, several products can be obtained from it,
e.g., carbon fibers, thermoplastic and elastomeric polymers, and
other fuels and chemicals (Ragauskas et al., 2014). Out of this
product palette, the research on the production of fuels and
chemicals has yielded several potential production strategies with
an acceptable technology readiness level that allows for a
potential commercial production (Ragauskas et al., 2014). The
aviation industry currently focuses heavily on improving the
sustainability in commercial aviation, of which one approach
is the substitution of commercial kerosene with biokerosene from
renewable resources (Chiaramonti et al., 2014). Fuels produced
from lignin or lignocellulosic biomass in general naturally contain
a high amount of aromatic components, which is particularly
important for the properties of aviation fuel (Chiaramonti et al.,
2014). Hence the production of biokerosene from lignin is a
potentially suitable valorization strategy (Chiaramonti et al.,
2014).

Heat
Alternatively, the lignin fraction can also be valorized by targeting
its high energy content. By combusting the lignin directly, heat
can be created, which can be converted into other forms of
energy, e.g., steam or electricity (Ragauskas et al., 2014).

Unit Operations
The following section describes each unit operation that is
employed in a possible xylitol biorefinery setup for the

production of xylitol and value-added co-products.
Furthermore, the respectively developed mechanistic model
describing the underlying physical, chemical, and biological
phenomena is elucidated for each unit operation. For all
model files, the reader is referred to the GitHub repository of
this manuscript, where all model and simulation files are
provided (Vollmer, 2021).

All models described in this section are implemented in
MATLAB. For the evaporation, the models implemented in
ASPEN Plus are used and interfaced with MATLAB through a
COM interface. The S3O framework is also implemented in
MATLAB. The mechanistic models are all fitted to either
proprietary experimental data or data retrieved from literature.
The models are all validated within their boundaries for their
mass and energy balances, kinetics, and thermodynamic
assumptions. They are implemented in the S3O framework
and assessed regarding their prediction robustness through an
uncertainty and sensitivity analysis. Further information
regarding the models and their implementation can be found
in the original manuscript describing the S3O framework
(Vollmer et al., 2021a).

Pretreatment
For both the chemical and the biotechnological production
process of xylitol, the biomass pretreatment as the first unit
operation has vital importance for the whole process. With
xylitol as the main product, the priority for the pretreatment
lies in the fractionation and depolymerization of the
hemicellulosic fraction. The most prominent pretreatment
technology for this task are dilute acid, autothermal hydrolysis,
and steam explosion pretreatment (Mussatto and Dragone,
2016). Previous studies have shown the excellent metrics of
dilute acid pretreatment on wheat straw in terms of high
monomer yield, good fractionation, and acceptably low
inhibitor formation (Vollmer et al., 2021c).

Vollmer et al. (2021b) developed a mechanistic model
describing the pretreatment with mass and energy balances for
all major occurring components. The kinetics of the pretreatment
are described with first-order reaction equations. For a detailed
overview of the work and the specific model equations, the reader
is referred to the manuscript and the supplementary material for
the model equations and the parameter values (Vollmer et al.,
2021c). In this manuscript, the pretreatment unit is abbreviated
as PT.

FIGURE 1 | Xylose assimilation pathway in yeasts (Albuquerque et al., 2014).
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Enzymatic Hydrolysis
The residue from the pretreatment containing the cellulosic and
lignin fraction needs to be processed further to fractionate and
depolymerize the cellulosic fraction into glucose monomers.
Amongst possibly employable technologies, most biorefinery
concepts rely on an enzymatic hydrolysis process for this task
(Kadam et al., 2004). The utilized enzymes are a cocktail of
different glucanases, glucosidases, and hydrolases, which
efficiently break down the cellulose into cellobiose and finally
into glucose but can be inhibited by present sugars like glucose
and xylose (Prunescu and Sin, 2013; Novozymes, 2017).

Kadam et al. (2004) proposed a mechanistic model describing
the enzymatic hydrolysis with mass and energy balances for
cellulose, cellobiose, glucose, and xylose; the kinetics of the
enzymatic hydrolysis are described with Michaelis-Menten
kinetics (Kadam et al., 2004). Prunescu and Sin (2013)
reviewed the model parameters and updated them accordingly
to new commercially available enzymes (Prunescu and Sin, 2013).
For a detailed overview of the work and the specific model
equations, the reader is referred to both manuscripts and the
supplementary material for the model equations and the
parameter values. In this manuscript, the enzymatic hydrolysis
unit is abbreviated as EH.

Fermentation
Both the xylose-rich stream of the pretreatment and the glucose-
rich stream of the enzymatic hydrolysis serve as the substrate for
both fermentation steps. Given the elaborations in Sections 2.1.2
and 2.1.3, the employed cell factory for the fermentation of xylitol
is a Candida mogii strain, and the employed cell factory for the
fermentation of succinic acid is aMannheimia succiniciproducens
strain.

The developed mechanistic models are both black-box models
with mass and energy balances for all primary components, and
the kinetics are set up as described by Heijnen and van Gulik
(2009) with substrate uptake rates, Herbert-Pirt distribution
relations, and product formation rates (Heijnen and van
Gulik, 2009). The used data for the parameter estimation of
the xylitol fermentation model derives from a paper published by
Tochampa et al. (2005). The used data for the parameter
estimation of the succinic acid fermentation model derives
from a paper published by Song et al. (2008). Both models
allow for the simulation of batch and fed-batch processes. In
this manuscript, the fermentation unit for the production of
xylitol is abbreviated as FX, the unit for the production of succinic
acid is abbreviated as FS.

Evaporation
After the pretreatment, after the enzymatic hydrolysis, and after
the fermentations, the process streams contain a certain
concentration of the product of interest. For all cases, it can
be of interest to increase the concentrations of the stream to
achieve higher titers in the fermentation and to remove certain
inhibitory compounds. Potential technologies for this unit
operation are either evaporation units in various forms or
membrane units, with the former ones being widely

commercially available and thus easier to implement but
having very high energy demands (Kiss et al., 2016).
Mechanistic models for simulating evaporation processes are
readily available in different commercial process simulators,
e.g., ASPEN Plus. In this manuscript, the upconcentration unit
for the hemicellulose hydrolyzate is abbreviated as UH. The unit
for the cellulose hydrolyzate is abbreviated as UC, the evaporation
unit for the downstream processing of xylitol is abbreviated as EX,
the unit for the downstream processing of succinic acid is
abbreviated as ES.

Crystallization
Xylitol and succinic acid are soluble in water and solid at room
temperature. Hence, crystallization is a suitable unit operation to
separate and purify those two substances from aqueous streams.
Crystallization is performed as either heating, cooling, pH, or
antisolvent crystallization (Kirwan and Orella, 2002). For the
xylitol, both a cooling crystallization and an antisolvent
crystallization with ethanol are considered, as the high xylitol
solubility in water decreases in the presence of ethanol (Martínez
et al., 2008). For succinic acid, a cooling crystallization is
considered.

The developed mechanistic model is based on the work of
(Giulietti et al., 2001; Öner et al., 2018). The crystallization is
described with mass and energy balances. The kinetics are
described with a population balance, describing the nucleation
and growth of crystals. The population balance is solved with the
method of moments. The solubility and kinetic data for the xylitol
crystallization is obtained from experiments, the kinetic data for
the succinic acid crystallization is obtained from the literature
(Mullin and Whiting, 1980; Qiu and Rasmuson, 1990; Qiu and
Rasmuson, 1991; Qiu and Rasmuson, 1994). For a detailed
overview of the work and the specific model equations, the
reader is referred to both manuscripts and the supplementary
material for the model equations and the parameter values. In this
manuscript, the crystallization units for the downstream
processing of xylitol are abbreviated as CXi, the units for the
downstream processing of succinic acid are abbreviated as CSi.

Lignin Pyrolysis
After the fractionation and depolymerization of the cellulosic
fraction in the enzymatic hydrolysis, the remaining solid fraction
consists primarily of lignin. As described in section 2.1.3, the
lignin fraction also consists of monomers, which are supposed to
be processed furtherly to sustainable aviation fuel. The first unit
operation for this process is a pyrolysis step to break down the
lignin’s macromolecular structure and create bio-oil as a
precursor for the fuel (Wang and Tao, 2016). Fast pyrolysis
with time ranges between t � 1 − 100s prove to have the
highest yield of liquid compounds and lower yields for
gaseous compounds and char, which are side products in the
pyrolysis process (Zakzeski et al., 2010).

The used mechanistic model is based on the work of (Debiagi
et al., 2018). The mechanistic model is based on mass and energy
balances. First-order reaction equations describe the kinetic
behavior. The model describes the degradation of three lignin
monomer structures commonly present in different fractions in
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the biomass into over 50 different products. All parameters for
the model are provided in the original publication (Debiagi et al.,
2018). For a detailed overview of the work and the specific model
equations, the reader is referred to the original manuscript and
the supplementary material for the model equations and the
parameter values. In this manuscript, the lignin pyrolysis unit is
abbreviated as LP.

Lignin Hydrotreatment
The produced bio-oil in the lignin pyrolysis classically contains a
comparatively high amount of oxygen and is thus not directly
usable as aviation fuel (Wang and Tao, 2016). In order to reduce
the oxygen amount, several options have been investigated in
research, of which catalytic hydrotreatment is one of the most
promising ones (Zacher et al., 2014). The occurring reactions are
quite complex, which is why a lumped kinetic network is
introduced that involves eight components (Cordero-Lanzac
et al., 2020). All the components which are formed during the
pyrolysis are assigned to one of the lumped components of the
hydrotreatment. The reaction itself occurs over a zeolite catalyst
and the addition of hydrogen.

The employed and adapted mechanistic model is based on
(Cordero-Lanzac et al., 2020), involving mass and energy
balances. Reaction-convection-diffusion equations describe the
kinetic behavior. All parameters for the model were reestimated
based on the kinetic data. For the parameters and a detailed
model description, the reader is referred to the original
manuscript and the supplementary material. In this
manuscript, the lignin hydrotreatment unit is abbreviated as LH.

Lignin Fractionation
Lastly, after the hydrotreatment, the present fractions in the
stream must be separated. Besides the two products, these are
the fraction with gaseous components, phenolics, aromatics, and
water. In a two-step separation with two flash drums, first, the
gaseous components are removed, and subsequently, the
phenolics and aromatics are separated from the water.
Depending on the created fractions, a fractionated distillation
can also be used as a unit operation. Mechanistic models for
simulating fractionation processes are readily available in
different commercial process simulators, e.g., ASPEN Plus. In
this manuscript, the lignin fractionation unit is abbreviated as LF.

Auxiliary Unit Operations
Besides all the listed primary unit operations, the biorefinery
setup requires several auxiliary unit operations for full
functionality. These are listed shortly in the following section:

• Feedstock Processing: To process the lignocellulosic
biomass, it has to be transported into the process
through conveyor belts, milled, and stored before actually
entering the pretreatment unit operation. In this
manuscript, the feedstock processing unit is abbreviated
as Feed.

• Product Storage: In order to process the produced xylitol,
the value-added co-products, and other intermediates,
storage capacity is installed to buffer 7 days of

production, involving solid storages for the xylitol and
succinic acid, and liquid storage for the kerosene and
storage for all other chemicals and intermediate steps
involved in the process. In this manuscript, the storage
units are abbreviated as Store.

• Wastewater treatment: In order to treat all aqueous effluents
from the process, a wastewater treatment plant is considered
to be installed to comply with legislative constraints and also
to regenerate freshwater for the process in the form of
material flows for unit operations or in the form of
material flows as cooling water. In this manuscript, the
wastewater processing unit is abbreviated as WWT.

• Combustion, power, and steam generation: Lastly, to
recover the organic residues of the process, these gaseous
and solid streams are combusted to generate steam and
power in a turbine. This process has a significant impact on
the overall economics by increasing the biorefinery
integration and lowering operational expenditures at the
cost of capital investment. In this manuscript, the steam
generation unit is abbreviated as Steam.

All the listed auxiliary unit operations are not mechanistically
modeled. Instead, based on a report of the National Renewable
Energy Laboratory (NREL) on the process design of an ethanol
biorefinery, all the ingoing mass and energy streams in the xylitol
biorefinery are scaled to the ethanol biorefinery in the report to
estimate the outgoing mass and energy streams and the costs
(Humbird et al., 2011). This induces uncertainty in the following
analyses, which is why these decisions will be evaluated later on
through uncertainty and sensitivity analysis in the techno-
economic analysis.

Furthermore, from a practical point of view, additional unit
operations in the process can be required. This is related to the
feedstock and the production of inhibitory compounds in the
pretreatment. Besides the considered major inhibitory
compounds, further components are formed in minor
amounts that can require, e.g., an adsorption process for their
removal (Bhatia et al., 2020). Also, the lignin itself imposes
challenges to the process due to the potential of clogging of
equipment (Pienihäkkinen et al., 2021). This possible
requirement of additional unit operation imposes another
source of uncertainty, which will be equally addressed in the
techno-economic analysis. A detailed description of the
calculations can be found in the Supplementary Material.

Process Design
Process Synthesis and Design Framework
As described by Vollmer et al. (2021a), the framework consists of
three sequential steps: 1) the selection of products, feedstock, and
processes, 2) superstructure optimization, and 3) simulation-
based optimization. The overall procedure is established with
the idea of “having the end in mind.” Hence, in the first step,
based on expert knowledge, a meaningful selection of products is
made and a feedstock from which these products are supposed to
be produced. Subsequently, potential process steps are evaluated
and composed to a process superstructure in a bottom-up
fashion. This aims at keeping the potential number of process
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realizations low. In the second step, this superstructure is
optimized through mathematical optimization to obtain
several candidate process topologies. In order to include the
different mechanistic models in the superstructure, surrogate
models are used based on different machine learning
technologies. For a successful application of these surrogate
models, a proper benchmark of different alternatives is vital
(Vollmer et al., 2021b). After determining the reduced set of
candidate process topologies, in the third step, all of these are
subjected to simulation-based optimization to consolidate the
process design and find a truly optimal solution (Vollmer et al.,
2021a).

Sizing of Equipment
For using the mechanistic models for process design, the overall
plant capacity used for the design calculation and the
corresponding mass and energy in- and outflows entail a
specific capacity for each unit operation. In general, the
volumetric capacity of a unit operation V can be calculated as
indicated in the following equation:

V � _m

�ρ · τ
with the hourly capacity _m, the average density of the process

medium in the unit operation �ρ and the residence time τ.

Capital Expenditures and Operational Expenses
Based on each unit operation’s volumetric or mass-based
capacity, the fixed capital investment for all unit operations in
the plant can be calculated. Whenever possible, costing is based
on the NREL Report on “Process design and economics for
conversion of lignocellulosic biomass to ethanol,” as the report
is based on actual quotations from different equipment
manufacturers with a high level of accuracy and detailedness
(Humbird et al., 2011). As both biorefinery setups differ to a
certain extent, all fixed capital investment, which is not available
in the NREL report, is estimated through a cost estimation tool
(Peters et al., 2002). All costs retrieved are extrapolated to the
capacity of the planned biorefinery by the plant capacity ratio
method as follows:

C

C0
� ( _m

_m0
)x

WithC as the capital cost of the unit operation, x as the scaling
factor, and all zero-indexed variables referring to the original
capacity of the reference plant. The fixed capital investment of the
reference plant is adjusted for inflation by multiplying with an
average term for the inflation between the current date and the
date of the NREL report or the reference date of the costing tool:

C0 � C00 · (1 + φi)n
With C00 being the original capital cost of the unit operation,

φi being the averaged inflation rate and n being the year
difference. With the total cost of all defined areas being
determined, the total capital investment TCI can be calculated

based on the fixed capital investment FCI, and the total direct and
indirect costsTDC andTIC. The total direct costs are determined
as follows:

TDC � 1.0788 ·∑C

Being 7.88% higher as the sum of capital costs for all unit
operations. The total indirect costs are determined as follows:

TIC � 0.6 · TDC

Amounting to 60% of the total direct costs. The fixed capital
investment is defined as the sum of total direct and indirect costs:

FCI � TDC + TIC

And lastly, the total capital investment corresponds to:

TCI � 1.0547 · FCI
Being 5.47% higher than the fixed capital investment and

defining the capital expenditures of the biorefinery. The
operational expenses of the biorefinery are defined by the total
production costs TPC. They consist of fixed and variable
operational costs FOC and VOC. The fixed operational costs,
consisting mainly of salaries and other fixed payments, are
determined with the plant capacity ratio based on the
reference plant. The variable operational costs consist mainly
of prices for utilities, so all costs are created by the acquisition of
chemicals, feedstock, and energy. The total production costs are
then defined as follows:

TPC � FPC + VOC

Being the sum of both operational costs. Lastly, the sales of the
products are determined by summing up all individual sales of
each product:

Sales � ∑
i
pi ·mi

Withmi being the produced mass of product i per year and pi

being the price of product i per mass unit.

Techno-Economic Analysis
Key Performance Indicators
Ultimately, the economic feasibility of a biorefinery can be
evaluated based on capital expenditure and operational
expenses by calculating different key performance indicators
(KPI). According to Peters et al. (2002), they are calculated as
follows: The first KPI considered in this study is the return on
investment ROI, evaluating the profitability of the invested
capital. It is calculated as follows:

ROI � Sales − TPC

TCI
.

The ROI is compared against a set threshold, the so-called
minimum acceptable rate of return φmar and given the case that
ROI>φmar, the investment is found profitable. The used
minimum acceptable rate for the xylitol biorefinery is set to be
φmar � 10 % (Humbird et al., 2011). Another way of analyzing the

Frontiers in Chemical Engineering | www.frontiersin.org February 2022 | Volume 4 | Article 8384787

Vollmer et al. Conceptual Process Design Xylitol Biorefinery

https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


profitability concisely is the calculation of the payback period
PBP, indicating after howmany years the fixed capital investment
is earned back. It is calculated in the following way:

PBP � FCI

(Sales − TPC) · (1 + ϕ) + ϕ · �d’

With ϕ being the income tax rate (in this work ϕ � 35 %) and �d
being the average depreciation per year over the plant lifetime.
However, both presented KPIs do not consider the time value of
money, which refers to the idea that the value of the money,
which is bound in capital and operational expenses, would
otherwise increase if invested differently. One KPI which
incorporates this is the net present value NPV. It is calculated
as follows:

NPV � ∑y
i�1
(1 + φmar )−i · ((Sales − TPC − di · FCI) · (1 + ϕ)

+ reci + di · FCI) − ∑y
i�−by

(1 + φmar )−i · TCIi,
With y being the biorefinery lifetime and by being the
construction period of the biorefinery. Additionally di
corresponds to the depreciation of the plant according to the
depreciation scheme per year, reci are recovery costs from
materials and land sales commonly at the end of the plant
lifetime and TCIi indicating the amount of the total TCI
being invested in each year in the building period. As a
depreciation scheme for the xylitol biorefinery, the MACRS5
scheme is used and a plant life period of 30 years and a building
period of 2 years. The NPV is sought to be positive for an
investment to be profitable. Analogously, a discounted cash
flow of return DCFR can be calculated, referring to the rate of
return where the NPV turns exactly zero:

0 � ∑y
i�1
(1 +DCFR)−i · ((Sales − TPC − di · FCI) · (1 + ϕ) + reci

+ di · FCI) − ∑y
i�−by

(1 +DCFR)−i · TCIi.

Lastly, the calculation of the DCFR can also be used for
calculating a minimum selling price of product MSEPpp

i , by
fixing the DCFR at the φmar and instead varying the product
price pp

i :

0 � ∑y
i�1
(1 + φmar )−i ·⎛⎝⎛⎝∑

i∈P
pp
i ·mi − TPC − di · FCI⎞⎠ · (1 + ϕ)

+ reci + di · FCI⎞⎠ − ∑y
i�−by

(1 + φmar )−i · TCIi.
On a side note, only one variable can be left free to be

optimized to keep this equation solvable. In this case, for
xylitol as the primary product, the product price of xylitol is
chosen instead of, e.g., a multiplier for all product prices. (Peters
et al., 2002).

Economic Risk Analysis
As mentioned earlier, the design of any biotechnological process
inherently incorporates uncertainty of various sources. These
potentially can be assumptions about yields and productivities,
estimates about capacity and capital investment, factors that
influence the scale-up of a process, or external factors like
price fluctuations. To assess the impact of uncertainties on the
economic feasibility, Monte Carlo-Based Methods are a suitable
option. In this case, assessing the effects of the uncertainties on
the predicted key performance indicators, an uncertainty analysis
is performed as described in (Sin et al., 2009).

RESULTS

Selection of Products, Feedstock, and
Process Unit Operations
The main product for the biorefinery concept in this study is
xylitol. In light of the explanations in Introduction and Feedstock
and Products, an integrated xylitol biorefinery with lignocellulosic
biomass as feedstock will utilize the hemicellulosic fraction of the
lignocellulosic biomass for the production of xylitol. This leaves
the cellulosic and the lignin fraction as possible substrates for
value-added co-products in a multi-product biorefinery. The
cellulosic fraction consists mainly of glucose monomers,
whereas the lignin fraction is an amorphous macromolecule
with different aromatic monomers. As discussed in section
2.1.3, potential value-added co-products, in this case, can be
succinic acid, biokerosene, or heat, with the prior one being a
product for the cellulosic fraction and the latter two a product for
the lignin fraction.

Regarding a potential feedstock, all three fractions should be
represented to a sufficient amount to produce all four products
possibly. With xylitol being the product with the highest product
price, the potential feedstock favorably has a high hemicellulosic
fraction. This is the case for most agricultural residues, e.g., wheat
straw, which is hence selected for this case study. As plant
capacity, an amount of mfeedstock � 150, 000 t/a of wheat straw
is specified. The feedstock selection and composition are based on
prior work (Vollmer et al., 2021c). The capacity for the
biorefinery is based on both the NREL Report regarding the
ethanol biorefinery and production data from commercial xylitol
producers (Humbird et al., 2011; Hernández-Pérez et al., 2019).

Regarding the processing units, all relevant unit operations are
described inUnit Operations, considering only possibilities with a
high technology readiness level to retrieve a realistic process
design for the xylitol biorefinery. All possible process routes,
which form the superstructure for step 2 of the framework, are
displayed in Figure 2.

As can be seen, the potential options in the superstructure
involve the inclusion or exclusion of an upconcentration unit, an
evaporation unit, and a second crystallization unit for the xylitol
process train, based on previously obtained results (Vollmer et al.,
2020). The same superstructure is assumed for the succinic acid
process train, also agreeing with other proposed process designs
(Jansen and van Gulik, 2014). In the lignin process train, the two
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possible options are to convert the lignin to biofuel and use the
residues of this and other process streams for combustion or to
use the lignin entirely for combustion to increase the potential for
heat integration in the process.

Design Space Exploration
The outcome of the design space exploration in the scope of this
case study is twofold. Firstly, it is used to reduce the size of the
superstructure and exclude options that a priori are infeasible due

to nontrivial design constraints. It serves to determine the
sensitivity of the operational variables to prioritize them for
the SSO.

The design space exploration itself is performed in two stages.
In the first stage, coarse sampling with N � 100 with all
operational variables for each flowsheet option is performed.
For each sample point, it is analyzed whether the conditions allow
for the production of xylitol and succinic acid. The results for all
flowsheets are displayed in Figure 3.

FIGURE 2 | Overview over the postulated superstructure for the xylitol biorefinery in the S3O framework.

FIGURE 3 | Feasibility matrix of the coarse sampling, displaying the existence (yellow) or absence (blue) of each unit operation in each configuration ID, with the last
column indicating the feasibility (yellow) or infeasibility (blue) of the flowsheet.
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As illustrated, most flowsheet options actually do not allow for
the production of xylitol and succinic acid as all sample points
yield infeasible solutions. More precisely, all flowsheet options
that do not include either the upconcentration step for the
hemicellulose process train (UH) or the evaporation step of
the hemicellulose train (EX), or the evaporation step of the
cellulose train (ES). In reverse, this indicates that these unit
operations are seemingly compulsory for any xylitol
biorefinery setup. The cause behind this is the necessary
substrate concentration for the xylitol fermentation and the
high dilution of the fermentation broth, paired with the high
solubility of xylitol. Consequently, this already indicates a high
necessary amount of heat in the downstream process, which will
impact the operational expenses of the process.

In the second stage of the design space exploration, fine
sampling with N � 2000 with all operational variables for all
feasible flowsheet options is performed. The input for the
sensitivity analysis are the operational variables of each
configuration ID, and the output is the calculated NPV. The
input and the output from the model are used in the easyGSA
toolbox to determine the first-order and total sensitivity index of
each operational variable by a neural network-assisted global
sensitivity analysis. The results are presented in Figure 4.

It is clearly visible that for most flowsheets, particularly
variables that influence the xylitol fermentation step show the
highest sensitivities. This is explainable since the microorganism
can also consume xylitol as a metabolite in the fermentation,
indicating an optimum for the xylitol production, which must be
met. By meeting this optimum and maximizing the production of
xylitol, key performances as the NPV are potentially improved
due to the high selling price of the xylitol. In conclusion, the five
most sensitive variables for each flowsheet option, as indicated in
Figure 4, are used as input variables in the superstructure

optimization problem. All other variables are fixed to their
set point.

Superstructure Optimization
As the last operation in step 2) of the S3O framework, SSO is
performed to determine candidate process topologies
consolidated in step 3) of the framework. For this, flowsheet
simulations with a reduced input space are performed for all
feasible configuration IDs. The reduced input space consists of
the five most sensitive input variables concerning the NPV, as
presented in Figure 4. For each configuration ID, N � 500
samples are simulated, and with the simulation data, three
surrogate models, a Delaunay Triangulation Regression (DTR)
surrogate, a Gaussian Process Regression (GPR) surrogate, and
an Artificial Neural Network (ANN) surrogate are fitted
accordingly. The validation metrics are illustrated in Figure 5.
The three surrogates’ validation metrics are also listed in the
Supplementary Material.

Similar to the results of (Vollmer et al., 2021a; Vollmer et al.,
2021b), the DTR surrogate shows the weakest validation metrics
for the test dataset, whereas the GPR surrogate overall excels with
respect to the resulting metrics. The ANN surrogate equally
performs overall well with slightly weaker metrics than the
GPR surrogate. All three models are used in the following
SSO. All metrics are also listed in the Supplementary Material.

For the SSO, the optimization problem is formulated as
follows:

maxNPV

s.t.
mxyo ≥ 0.05 · Cxyo,global

msuc ≥ 0.2 · Csuc,global

Pel ≤ 0.0005 · Cel,DK

.

FIGURE 4 | Heatmap of the total sensitivity indices for each flowsheet option and each operational variable (nonexistent variables are indicated with 0).
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In the optimization problem, the objective function is the
NPV, which is supposed to be maximized. Constraints are
imposed on the mass of yearly produced xylitol, which has to
be higher than 5% of the global annual production capacity, and
on the mass of yearly produced succinic acid, which has to be
higher than 20% of the global annual production capacity. Lastly,
the required electrical power for the operation of the plant cannot
be higher as 0.05% of the electrical power produced through wind
energy in Denmark. With the DTR surrogates, the given
optimization problem turns into a mixed-integer linear
program, which is solved with the GUROBI solver. With the
GPR and the ANN surrogate, the given optimization problem
turns into a series of nonlinear programs, which are solved with

the fmincon solver and a multi-start setup. The results of all
optimization runs are presented in the Supplementary Material.

The first result displayed in Figure 6 is that all configuration
IDs (1, 3, 9, 11, 17, 19, 25, 27) that involve lignin production show
no significantly higher NPV than their respective counterparts
without lignin production. Furthermore, certain missing unit
operations, e.g., the upconcentration unit for the cellulose
stream, decrease the amounts of xylitol and succinic acid
drastically, leading to an infringement of the applied boundary
conditions. With respect to the prediction quality of the surrogate
models, it is to point out that the DTR surrogate predicted all
feasible solutions correctly. However, configuration IDs 3, 4, 19,
20, and 25 were predicted infeasible despite the other surrogates

FIGURE 5 | Validation metrics of the surrogate models.

FIGURE 6 | Results of the SSO for all three surrogate model types and the corresponding validation simulation.

Frontiers in Chemical Engineering | www.frontiersin.org February 2022 | Volume 4 | Article 83847811

Vollmer et al. Conceptual Process Design Xylitol Biorefinery

https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


correctly predicting their feasibility. On the other hand, both the
GPR and the ANN surrogate overpredicted the amount of
produced xylitol for several flowsheets, yielding infeasible
solutions. The constraint that most GPR and ANN solutions
infringe is the constraint on the minimum xylitol production. For
generally infeasible solutions, the constraint on the minimum
xylitol production and the maximum electricity consumption are
critical. The minimum succinic acid production constraint is
surpassed in all found solutions. In conclusion, the same behavior
for the surrogate models as discussed in Vollmer et al. (2021a) is
visible in this case, namely the missing extrapolation ability of the
DTR surrogate model and the weak prediction abilities of the
GPR and the ANN surrogate. Therefore, selecting an appropriate
surrogate model is highly context-specific and should be based on
a benchmark after performing the optimization problem instead
of relying on the results from the cross-validation of the models
before the optimization (Vollmer et al., 2021a).

In conclusion, configuration ID 2 predicted the highest NPV.
Hence it is considered a candidate for step 3) of the framework.
For comparative reasons, configuration ID 2 and configuration
IDs 4 and 10 are selected for the risk assessment in Techno-
Economic Analysis. Despite the infeasibility of configuration ID
18, it is selected as the fourth candidate, as the NPV is also
comparatively high and the infringement of the boundary
constraint is minimal. The operational variables are optimized
again by subjecting it to step 3) of the framework, potentially
leading to improved production, as shown in Vollmer et al.
(2021a), which renders this configuration ID also feasible. The
detailed formulation of the SSO and all results from the SSO are
also listed in the Supplementary Material.

Simulation-Based Optimization
For the third step of the framework, the set of candidate process
topologies as found in Superstructure Optimization is now
subjected to simulation-based optimization under uncertainty.
The objective for this optimization setup remains to be the NPV
of the plant, and the optimizable variables remain the five most
sensitive operational variables as found in Design Space
Exploration. Regarding the uncertainties, a variation in the
CAPEX, represented by the FCI, and the OPEX, represented
by the TPC, is considered. The FCI is assumed to be up to 50%
lower or 100% higher than its originally calculated value,
following a triangular distribution. Equally, the TPC is
assumed to be up to 20% lower or 50% higher than its
original value, following a triangular distribution. Furthermore,
the product prices for xylitol and succinic acid are considered
within a specific range, based on historical price data between
2016 and 2021. The range for xylitol is assumed to be within 4.29
$/kg and 4.81$/kg, with a mean value of 4.57 $/kg, and the
succinic acid between 3.18 $/kg and 3.20 $/kg, with a mean value
of 3.19 $/kg, both assumed to follow a uniform distribution
(Orion Market Research, 2020; IMARC, 2021). The MOSKopt
solver is set up to run with k � 100 iterations, of which k0 � 25
are initial. For each iteration, N � 100 Monte Carlo Samples for
the realization of the uncertainty are performed. The constraints
for the SBO optimization problem remain the same as for the SSO
optimization problem. However, they are modified by

multiplying the average product price with each constraint to
include the uncertainties into the problem. The constraints are
hence as follows:

maxNPV

s.t.
salesxyo ≥ 0.05 · Cxyo,global · pxyo

salessuc ≥ 0.2 · Csuc,global · pxyo

Pel ≤ 0.0005 · Cel,DK

.

The MOSKopt solver hedges against the constraints by the
mean value of the realizations of the uncertainty. The chosen infill
criterion is the mcFEI criterion, using a particle swarm optimizer
as infill solver.

The results from k = 100 iterations are shown in Figure 7.
Firstly, it is visible that the predicted NPV under uncertainty is
significantly lower than predicted in the SSO, and the mean value
lies below the break-even point. Despite the optimizer being able
to optimize the operational conditions, the uncertainties affect the
objective to such an extent that the optimization to values above
the break-even point is not feasible.

Techno-Economic Analysis
Analysis of Capital Expenditure and Operational
Expenses
For a detailed insight into the techno-economic analysis results,
Figure 8 shows the detailed composition of both the FCI and
the TPC.

It is prominently visible that the FCI is dominated by around
50% through the investment in the wastewater treatment
facilities, and the TPC is dominated mainly by the required
steam and naturally also through the feedstock. These results
again emphasize two prominent issues with (second-generation)
biorefineries in particular. As mentioned in Introduction, a big
issue for these processes is the costs in the downstream
processing. By choosing evaporation units in the downstream
processing, the requirement for steam is naturally high. This is
intertwined with the results for the FCI, as the process runs on an
aqueous basis and low concentrations induce both high costs for
the downstream processing to remove the liquid but also high
costs for the wastewater treatment capacity, as the aqueous
streams, being very high, need to be treated before being
recycled or released to the environment.

Capacity, Yield, and Size Analysis of the Plant
For the process design with cID 2 and a given annual feedstock
capacity of mfeedstock � 150, 000 t/a, the achieved mass of xylitol
per year ismxyo � 12, 200 t/a and the achieved mass of xylitol per
year is msuc � 19, 200 t/a. With a given composition of wheat
straw, containing 33.2% hemicellulose and 44.5 % cellulose, this
corresponds to process yields of Yxyo � 24.5 % for the xylitol and
Ysuc � 28.8 %. Comparing this to existing processes that produce
xylitol via the chemical production route or succinic acid via
fermentation, both amounts of products are comparable to those
plants that produce commercially (Jansen and van Gulik, 2014;
Hernández-Pérez et al., 2019). Nonetheless, the overall achieved
yields are comparatively low, indicating two potential
optimization targets, as the monomer yield in the
pretreatment unit and the enzymatic hydrolysis unit are
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already considerably high (Prunescu and Sin, 2013; Vollmer et al.,
2021c). Firstly, the yields of the fermentation units are inherently
bound to the yield of product over substrate, which for both used
cell factories lies around 40 − 60 %, and the rest of the substrate is
used for cell growth and cell maintenance. A potential way to
increase product yields is the application of cell factory
optimization strategies, e.g., metabolic engineering, genetic
engineering, or other approaches. Secondly, the remaining
yield loss is consequently attributed to the downstream
process. Despite both downstream processes being viable and
having the potential to be operated in commercial processes, as
explained in Selection of Products, Feedstock, and Process Unit

Operations, further optimization and the investigation on the
potential use of alternative unit operations can be further
explored. An increased process integration beyond the current
level is a further aspect worth investigating. For the chemical
production process of, e.g., Dupont, such process integration with
a pulp and paper mill is already performed to centralize unit
operations, e.g., the steam and power generation and also the heat
integration across different plants (DuPont, 2012; Özdenkçi et al.,
2017; Delgado Arcaño et al., 2020). Such levels of integration offer
the potential to significantly decrease the CAPEX and OPEX for
the plant. All capacities and operational conditions are also listed
in the Supplementary Material.

FIGURE 7 | Results from the SBO for configuration ID 2 with the given solver settings for MOSKopt.

FIGURE 8 | Analysis of the composition of both FCI (left) and TPC (right).
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Risk-Based Economic Evaluation
For the risk analysis, the consolidated process design of
configuration IDs 2,4, 10, and 18 are chosen as a basis with
the optimized operational conditions as determined in
Simulation-Based Optimization. The considered uncertainties
are the same as for the simulation-based optimization. To
quantify the uncertainty in the market data of both products,
different distributions are analyzed concerning their quality of fit
to historical price data for xylitol and succinic acid. The
investigated distributions are a normal distribution, a
lognormal distribution, a nonparametric distribution, an
extreme-value distribution, and a uniform distribution. The

results are summarized in Figure 9. On the x-axis, the price x
is indicated as ma min-max normalized random variable, while
the y-axis shows the probability of observing a price is higher than
a threshold P(x≤X), commonly known as cumulative
distribution function.

It becomes apparent that all investigated distributions fit
equally well, which is also confirmed by the coefficient of
determination and the root mean squared error, both listed in
the Supplementary Material. This implies that the historical data
is not conclusive enough to identify the actual probability
distribution function that describes the price uncertainties.
Hence, a heuristic approach is employed by selecting a normal

FIGURE 9 | Cumulative density functions of all investigated distributions for the xylitol and the succinic acid price data.

FIGURE 10 | Violin plots of the MSEP of xylitol for N = 1,000 Monte Carlo samples for the risk analysis of the consolidated process design.
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distribution and an extreme-value distribution as a thin-tailed
and fat-tailed distribution. The parameters and metrics of all
distributions are listed in the Supplementary Material. The
Monte Carlo analysis is performed with N � 1000 samples,
created by Latin Hypercube sampling. The resulting MSEP of
xylitol for all simulations for the normal distribution is presented
in Figure 10. The results for the extreme-value distribution are
illustrated in Figure 10.

For all four evaluated configuration IDs, it becomes apparent
that their economic feasibility is highly uncertain. The average
selling price for xylitol of 2021, indicated at 4.57 /kg is, is reached
for all four configuration IDs. However, particularly for cID 4 and
10, this is only the case for overestimated FCI and TPC and a
favorable succinic acid price. Also, for cID 2 and 18, the break-
even point (NPV � 0) is only reached in around 40% of all
cases. The process design with cID 2 has the lowest failure rate.
Knowing that all other presented configuration IDs refer to
flowsheets that do not possess a second crystallization step in
the xylitol or succinic acid process train, a clear tendency towards
the downstream process with two crystallization units each is
advised, despite the higher CAPEX. Similar results are found in
(Vollmer et al., 2020). The mean value of the minimum selling
price of xylitol, the confidence interval, the mean selling price of
xylitol between 2016 and 2021, and the corresponding confidence
interval are also listed in the Supplementary Material.

Given this picture, a profitable construction and operation of a
xylitol biorefinery is a high-risk venture. As the uncertainties in
the product prices are determined through the development of
their respective markets, which do not show significant volatilities
over the past 5 years, a profitable operation seems highly unlikely.
Furthermore, due to the low volatility in prices, the large overall
uncertainty bounds are highly attributable to the uncertainties in
the CAPEX and OPEX of the plant. Further investigation and a
detailed design are crucial to minimize these and perform the risk
analysis with updated costs to provide a confident conclusion on
the economic viability.

CONCLUSION AND FUTURE RESEARCH

As the overarching goal in this manuscript, the process design of a
biorefinery with xylitol as the main product was investigated to
find a biotechnological process alternative to the existing
chemical production process for xylitol. As several questions
arise, like the decision on potential value-added co-products
and considerations regarding which feedstock to use and how
to best integrate the process, a conceptual design approach was
required. For this, the S3O framework from a previous
publication of the authors was utilized. Compared to other
studies, mechanistic models were used, and detailed data
regarding the costing of the equipment and current market
prices of the product.

In a three-stage approach, products, feedstock, and process
units are selected, and mechanistic unit operation models are
built. Subsequently, an initial superstructure is formulated, and its
design space is evaluated by both a coarse and a global sensitivity
analysis. The coarse sampling serves the investigation on the

feasibility of the flowsheets. As the first result in this study, only
16 out of 128 initial process flowsheet options are considered
feasible. The global sensitivity analysis was used to investigate
which operational variables are the most sensitive ones regarding
the net present value as a key performance indicator of the plant.
For all feasible flowsheets, the most sensitive variables influence
the operation unit of the xylitol fermentation. This is explained by
the fact that xylitol can be metabolized by the cell factory again,
indicating a defined global optimum for the production of xylitol
regarding the operational conditions.

Flowsheet sampling with the five most sensitive operational
variables is performed for all feasible flowsheets. Three different
surrogate model types are fitted to it (DTR, GPR, ANN) and
benchmarked against each other regarding their validation
metrics (coefficient of determination, root mean squared
error). The results agree with those found earlier in Vollmer
et al. (2021a), showing that the DTR surrogates have worse
performance metrics than the GPR and the ANN. However,
utilizing them in the surrogate-assisted superstructure
optimization, the DTR models perform equally well as the
other two. The results indicate, also in agreement with
(Vollmer et al., 2021a), that the DTR lacks the possibility of
interpolating highly nonlinear functional relationships with an
insufficient amount of data points, which leads to suboptimal
solutions. In contrast, the GPR and the ANN surrogates tend to
overpredict the objective function value and constraint function
values, resulting in infeasible solutions. From a process point of
view, the conclusion prevails that the utilization of lignin for the
production of biokerosene does not involve any economic
advantage over using it for combustion and the generation of
steam and electricity. Furthermore, excluding downstream
process operations like the additional crystallization units or
the upconcentration units before the fermentation units
reduces the CAPEX of the potential process design, but this
does not result in an increased NPV as the amount of recovered
product is reduced significantly.

Based on these conclusions, the process configuration that
involves all unit operations and utilizes the lignin for combustion
(cID 2) is selected for simulation-based optimization in the third
step. The considered uncertainties are both in the CAPEX and
OPEX, expressed by a variation in the FCI and the TPC according
to the used class 5 estimates. In addition, the product prices are
considered uncertain within a range according to their global
market prices between 2016 and 2021. The results indicate that
when hedging the uncertainties against the mean value of the
predictions, the operational conditions are further optimized.
However, the uncertainties impact the objective stronger than the
improvement of the objective, which decreases the NPV even
below the break-even point. An additional Monte Carlo analysis
with 1,000 points based on the operational conditions found by
the SSO and the SBO shows a failure rate of almost 50% for the
configuration ID 2, and–in comparison–failure rates of 55–90%
for other potential candidates from the SSO. Similar results are
seen throughout the literature for other realized biorefinery
setups:

Mountraki et al. (2017) obtain similar results, stating that the
chemical production of xylitol is more profitable than their
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biorefinery setup (Mountraki et al., 2017). On the other hand,
Franceschin et al. (2011) state that their xylitol biorefinery setup
can be feasible, but only with estimated capital investment data
and a significantly higher xylitol market price (Franceschin et al.,
2011). Giuliano et al. (2018) do not conclude a clear answer
regarding the profitability but rather indicate the potential MSEP
of ethanol for an integrated production with xylitol in a
biorefinery setup is lower than the production of ethanol alone
(Giuliano et al., 2018). While numerous companies, e.g., Dupont,
hold patents for the biotechnological production of xylitol, all
these companies still rely on its chemical production of it
(Ubando et al., 2020). Regarding biotechnological succinic acid
production, earlier joint ventures of different companies failed in
the past years. However, the market for biotechnologically
produced succinic acid from sugar directly–and not from
lignocellulosic biomass–is supposed to grow in the future
(Jansen and van Gulik, 2014; Mancini et al., 2020; Orion
Market Research, 2020).

Given these considerations, the economic feasibility is not
overall given and highly depends on the uncertainties in
CAPEX and OPEX. Only a detailed design with concrete
values for CAPEX and OPEX would allow for a clear
decision for or against an investment as the uncertainty in
the decision decreases. This comprises both more detailed
sizing and costing of the considered equipment and potential
additional equipment regarding the inhibitory compounds
and lignin, as mentioned in section 2.2.9. With those
uncertainties reduced, a stable market situation, as a
projection based on historical price data, can potentially
lead to an economically feasible xylitol biorefinery.
Ultimately, the global price for xylitol is dictated by global
trends towards healthier nutrition or the use of bioplastics, so
an increase in the price in the future could be realistic
(IMARC, 2021). However, the price for succinic acid as a
product that is already produced biotechnologically depends
much more on the global price for fossil oil, which has–against
expectations–not significantly increased over the past
10 years, which has been the primary reason for economic
infeasibilities of other biorefinery projects in the past
(Mancini et al., 2020; Orion Market Research, 2020;
Ubando et al., 2020). A comprehensive analysis of these
and further factors would go beyond the scope of this
thesis, hence, but is concisely discussed in a report by, e.g.,
McKinsey about “the future of second-generation biomass”
(Alfano et al., 2016).

Putting these findings in a future perspective, further research
on several aspects could lead to improvements in the xylitol
biorefinery process itself and, subsequently, on the economic
feasibility. Firstly, the utilization of the economies of scale is a
considerable possibility to improve the economic performance of
the plant, as the CAPEX does not scale linearly with the plant size

and hence can lead to higher KPIs for larger plant capacities
(Vollmer et al., 2022a).

Secondly, both fermentation units currently utilize wild-
type cell factories. As presented in sections 2.1.2 and 2.1.3.1,
the average product yields for both products range between
50% and 60%. Using engineered or optimized cell factories can
significantly increase this value, together with the achievable
productivities and titers for the fermentation (Vollmer et al.,
2022b). The optimization of this has an immediate effect on
the KPIs of the plant. Further research needs to investigate the
impacts of engineered cell factories on the downstream
processing and other requirements. Potential modifications
of the downstream process can either increase or decrease the
CAPEX and OPEX for the biorefinery, which ultimately
determines the full effect of engineered/optimized cell
factories. Lastly, the aspect of sustainability has not been
investigated in the scope of this work. However, the
quantitative assessment of the sustainability impact of a
new biorefinery, not only focusing on the reduced emissions
of CO2 but also other environmental aspects, is necessary to
fully assess the potential of these biorefineries and their
contribution to more sustainable value chains and
production patterns for the future.
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