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Abstract

Thermochemical biorefineries for the production of chemicals and materials can
play an important role in the bioeconomy. However, their economic viability is
often questioned under the premise of the economy of scale. This paper presents
aregional, modular biorefinery concept for the production of the platform chemi-
cals hydroxymethylfurfural (HMF), furfural and phenols from the lignocellulosic
perennial miscanthus, which can be cultivated on marginal and degraded areas.
The paper focuses on the question of the minimum selling price of HMF and
the optimal plant size for this purpose, using the region of Baden-Wiirttemberg,
Germany, as an example. Based on small pilot plant results, a scalable process
simulation was created via AspenPlus. This allows different scenarios and pro-
cess combinations of this multi-output biorefinery concept to be compared with
each other. Using this, a minimum sales price for the main product HMF is calcu-
lated using methods of dynamic investment cost calculation according to the net
present value method. Based on this, the plant capacity was scaled. The scenarios
and sensitivity analyses show that, with an accuracy of +15%, regional biorefin-
eries could already offer platform chemicals at prices of 2.21-2.90 EUR/kg HMF
at the current stage of development. This corresponds to three to four times the
price of today's comparative fossil base chemicals and is thus a competitive op-
tion from the authors’ point of view. The local biomass and the heat prices were
identified as the main influencing factors. As a result, the selection of the location
will have a decisive influence on the economic viability of such concepts in the
case of further development and optimization of the process in first demonstra-
tion plants.
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To fight climate change and the depletion of non-
renewable resources as well as the resulting challenges,
some nations are pushing for a transformation process
from a fossil-based economy toward a circular bioecon-
omy (Teitelbaum et al., 2020). The versatility of biologi-
cal resources allows different utilization paths. Next to
energy production, a wide range of biobased material
utilization pathways exist, which shall be prioritized due
to the cascade utilization hierarchy. According to the
German Chemical Industry Association, about 18 million
tons of fossil raw materials were consumed in Germany
in 2017 as the raw material basis for organic chemistry.
This corresponds to about 5% of fossil resource con-
sumption in Germany that must be substituted with re-
newable resources in the chemical industry (VCI, 2020).
After atmospheric CO,, biomass-carbohydrates are the
second largest renewable and sustainable carbon source
on earth (Questell-Santiago et al., 2018), while carbon
is needed to build up nearly every single chemical in
usage. The target to avoid further consumption of fossil
resources and instead to manufacture all chemicals, ma-
terials (and energy) in a sustainable and renewable way,
cannot be reached by simply increasing the cultivation
of plants. The worldwide and EU-wide available arable
land per head is annually declining by 10% (The World
Bank, 2016). This decline can even be more drastic due to
extensive settlement areas, erosion, the effects of climate
change and unsustainable use of land. Using the so-called
first-generation biomasses such as sugars from corn, sugar
beets or cereal grains, not only consumes arable land, but
also competes with food production. This limits the socio-
political acceptance of the bioeconomy due to the “food or
fuel” debate. Therefore, alternative plant-based feedstock
like lignocellulosic and the so-called second-generation
biomass should be considered additionally.

Miscanthus as a high-yielding and low-input crop
has been generating a lot of attention for years (Weijde
et al.,, 2017). As a perennial C4 crop, miscanthus con-
serves biodiversity and can be cultivated on marginal land
(Clifton-Brown et al., 2017). This could minimize land-use
competition with food and feed production (Clifton-Brown
et al., 2017; Valentine et al., 2012). Its cultivation contrib-
utes to soil health and fertility and can reduce soil erosion
(Winkler et al., 2020). Moreover, miscanthus binds carbon
in the soil, primarily through rhizome growth, and thus
often performs better in life cycle analyses than other tra-
ditional energy crops like maize (Kiesel et al., 2017). This
low environmental impact is a strong argument for feed-
stock use in biorefineries by leading to end-product emis-
sion reductions. In addition to this article, which focuses
on the process design and cost estimation of a miscanthus

biorefinery, another article is currently in progress which
compares the environmental impacts of the miscanthus
biorefinery with a fructose-based biorefinery.

Currently, miscanthus is mainly used as an energy crop.
In addition to its use as a fuel, processes for gasification,
pyrolysis or bioethanol production are also being strongly
discussed and, in some cases, have already been developed
to industrial maturity (cf. Bomgardner, 2019; Lask et al.,
2019). Yet, the material use of miscanthus brings also great
potential. In addition to the production of biofuels (Lee &
Kuan, 2015), bioenergy and building materials (Uihlein
et al., 2008), the miscanthus components cellulose, hemi-
cellulose and lignin are suitable for the production of plat-
form chemicals such as 5-Hydroxymethylfurfural (HMF)
and furfural as well as chemicals from phenolic mixtures
(Dahmen et al., 2019; Swiatek et al., 2020). Miscanthus
can become a major source of biomass in future agro-
industrial or rather ligno-industrial value chains by em-
phasizing lignocellulosic biomass.

The possibilities for HMF applications are broad. That
is one of the reasons why HMF is listed in the US depart-
ment of energy top 14 list of the most promising biobased
platform chemicals for the future (Bozell & Petersen,
2010). For example, it has an enormous potential to re-
place the human toxic, volatile formaldehyde. HMF can
also be the starting point for fungicides or as part of elec-
tron transfer catalyzers. Moreover, fuels and fuel addi-
tives and food additives are made of HMF (Krawielitzki &
Kldusli, 2015). HMF is also a biobased chemical building
block for the production of polyesters, polyamides and
other plastics (Dutta et al., 2012).

Furfural is another biobased platform chemical and an
important furan derivative for the future biobased chem-
istry (Bozell & Petersen, 2010). It is produced from hemi-
cellulose and can also substitute formaldehyde. One of the
main applications of furfural is hydrogenation to furfuryl
alcohol. The annual production of furfural ranges be-
tween 300 and 700 kt (Schwiderski & Kruse, 2016). Other
applications include preservatives via furandicarboxylic
acid (Ghosh et al., 1982) and furan resins as well as addi-
tives for resin production via the mentioned furfuryl alco-
hol (Gandini & Belgacem, 1997).

The phenolic mixture which mainly contains phenol,
catechol, eugenol, etc. from the lignin fraction of miscanthus
also offers potentials, especially in the pharmaceutical in-
dustry for drug synthesis (Barboza et al., 2018; Pramoda
et al., 2010) or as an insecticide (Huang et al., 2002).

This wide range of applications led to the development
of the miscanthus multi-output biorefinery concept pre-
sented in this research paper. A broad range of conver-
sion options for the material use of lignocelluloses such
as miscanthus is known and illustrated in Supplementary
Materials S1. In addition to thermochemical processes as
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analyzed in this research, the biomass can also be refined
into valuable materials by biotechnological or physical
processes. With the help of such biorefinery concepts, the
raw material transition in the chemical industry can be ac-
celerated. Hence, the aim of the research is to develop and
evaluate a multi-output lignocellulose biorefinery concept
for the regional valorization of miscanthus via hydrother-
mal processing into platform chemicals.

1.1 | Research approach

The multi-output miscanthus biorefinery produces the
chemicals HMF, furfural and a monomeric phenolic mix-
ture as well as the by-products heat and carbonisates. The
five processing modules with its submodules produce the
chemicals, a biogas plant, which is outside the system
boundaries, provide the necessary infrastructure as illus-
trated in Figure 1. In all cases, A represents the synthesis
or reaction and B the separation unit.

1. Miscanthus pre-treatment (M 1)
2. Furfural production (M 2)

a. Furfural synthesis (M 2A)

b. Furfural separation (M 2B)

51 OPRBDUGIBIOR A SUSTAINABLE BIOECONOMY

HMF production (M 3)

a. HMF synthesis (M 3A)

b. HMF separation (M 3B)

Phenol production (M 4)

a. Lignin depolymerization (M 4A)

b. Separation of the phenolic compounds (M 4B)
Biogas plant for waste stream treatment, nutrients re-
generation and energy provision (M 5)

All of the processes used to produce the desired chem-
icals can be grouped under the term hydrothermal pro-
cesses (HTP) in acidic and aqueous media. According to
Davidson (Davidson et al., 2021), these are preferable to
the alternative solvent-based reaction media because of the
lower environmental impact and better cost-effectiveness.
In the pretreatment module M 1, the chopped miscanthus
straw is decomposed with water and sulfuric acid in a hy-
drothermal process at about 200°C into its solid lignin frac-
tion and a carbohydrate-rich solution consisting mainly of
glucose, glucooligosaccharides and xyloses (Swiatek et al.,
2020).

The xylose dissolved in the process water is then con-
verted to furfural in a hydrothermal process at 200°C
and 20 min reaction time (furfural synthesis M 2A). The
furfural is purified by a combination of a distillation and

Purged
process
water

P s s i A a3
! ¥ . Ve 69’ i
i Biorefinery system boundary 0, x| :
[UN H
- Recov
P gy X ecc; Zr; Waste ;
< Recircula- > ux.' !
: “‘\\gi‘o{q,/‘/ m
HMEF-synthesis HMF-separation ;
iz M2 ey
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! Miscanthus- Furfural- Furfural- m
m pretreatment synthesis ——  separation
i l (M1) (M 2A) (M 28) m
Lignin- Phenol- m
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(Maa) mee) I
Aux. 3
Recovery Waste

FIGURE 1 System boundary of the multi-product biorefinery with the processing modules (M1-M5). A, synthesis unit, B, Separation

unit
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a decanter in the separation module M 2B into a liquid
product. As with any hydrothermal process, a carbona-
ceous product is formed in the synthesis unit M 2A, which
is discharged from the system as a byproduct in the sep-
aration unit (M 2B), as seen in the Sankey diagram in
Figure 3. Meanwhile, the dissolved glucose in the bottom
of the distillation continues to react only to a small extent
is further processed in the reactor of the HMF module at
210°C for 18 min to form HMF and carbonisates. The ap-
proximately 0.5 wt.%-1 wt.% HMF solution is refined to a
degree of purity between 80 wt.% and 90 wt.% in a separa-
tion unit. This requires auxiliary materials, most of which
can be reused. However, little part of these substances
must be replaced to avoid, for example, the accumulation
of impurities in the auxiliaries. Due to an ongoing patent
application (patent number EP 21152776.7), the HMF sep-
aration (M 3B) cannot be described in detail. The prod-
ucts are the purified HMF and an acidic, aqueous process
water stream containing mainly unreacted glucose and
other byproducts such as short-chain organic acids or al-
dehydes (Wiist et al., 2020). This stream is used in M 1 to
mix the fresh miscanthus, which has a water content of
approx. 10 wt.%. This feedback stream increases the over-
all HMF yield and reduces the demand for fresh water and
acid. However, to prevent the byproducts and, for exam-
ple, salts from accumulating too much, a small part of the
process water is discharged from the biorefinery system
via the biogas plant, as described before. Via the digestate,
the nutrients are returned to the fields in the sense of a
sustainable circular economy, and the renewable energy
generated in the biogas plant is partly used for the ligno-
cellulosic biorefinery.

In module M 4A, the lignin depolymerization reactor,
the lignin slurry is decomposed with KOH at 360°C and

corresponding saturation vapor pressure to form a phe-
nolic mixture consisting of monomeric substances such
as catechol and phenol and a number of other phenolic
and oligomeric compounds. In the process, solid car-
bonisates are again formed. The focus on the lignin use
within this work was to generate monomeric aromats
for further conversion to adipic acid and antioxidants.
Therefore, all other products have been lumped into one
product stream containing oligomeric and polymeric
substances derived from the lignin (see Figure 3). The
process is not yet fully developed and improvements are
expected in terms of conversion yields and valorization
of the product fraction.

The process water is mixed in the separation module M
4B with ethyl acetate as extraction solvent. This is finally
evaporated and circulated. As in the HMF separation unit
(M 3B), a small portion of the solvent is disposed and re-
placed with fresh agent to minimize the accumulation of
water and impurities in the system (unpublished results,
c.f. acknowledgements).

An existing biogas plant (M 5) is assumed at the
location. The biogas plant is not within the system
boundaries of this study, among others because techno-
economic assessments of biogas plants are already
accessible (Shafiei et al., 2018). For the material and
energetic coupling of biorefineries and biogas plants,
a separate research project started at the University of
Hohenheim at the end of 2020. The furfural and HMF
modules M 2 and M 3 have a technology readiness level
(TRL) between 5 and 6 and are located at an agricultural
research facility of the University of Hohenheim (Foto
of the facility in Supplementary Materials S1). The
lignin processing module M 4 has a lower technology
readiness level of 4.

M 4A and 4B G

FIGURE 2 Main flowsheet of the miscanthus biorefinery. Purple, products; red, heating energy; green, cooling energy; dark blue,

auxiliaries; light blue, purge or waste streams. M1 to M 4, modules of the biorefinery
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2 | MATERIALS AND METHODS

2.1 | Process simulation

The data on the mass and energy flows as well as on the
dimensions of the main apparatuses originate from an
AspenPlus process simulation (V.9 & V.11). The method
used in this simulation is NRTL. MIXCISLD is used as
simulation stream class. Thus, mixed conventionals and
conventional solids, but no nonconventional solids and
no particle size distribution are taken into account. The
reactions along the process chain are described with stoi-
chiometric reactors (RSTOIC). The heat cycle is simulated
by yield reactors and mainly heat exchangers to have an
idea about the size of the heat exchanger surface area.
These areas are also used for the TEA calculations. The
separation operations are simulated with RADFRAC and
FILTER blocks. The separation operations in M 3 (HMF
module) are simulated with SEPARATOR blocks to pro-
tect details. Furthermore, calculator blocks are used to be
able to simulate the input adjustments after recycling of
the process water and auxiliary materials. Compared to
small pilot plant trials, a process simulation enables large
mass and energy flows to be mapped and optimization
steps to be integrated by heat management including the
size of heat exchangers, material flow management and
recycling flows. This provides scale-up information at a
very early stage of development. Since simulations can
only represent reality to a limited extent, some processing
assumptions were made:

« Complete conversion of hemicellulose to xylose.

+ Solids were simulated as conventional solids of the re-
spective platform chemical without side reactions.

« Carbon materials are discharged at a moisture content
of 57 wt.% without additional drying.

« To avoid concentration of impurities, 2 wt.% of the
solvent in module M 3B is hourly replaced with virgin
material.

« The lignin is passed through the simulation as an inert
substance until the phenol synthesis in M 4A.

« Moisture loss due to the temperature difference be-
tween the warm moist product stream from M 1 and the
ambient temperature until further processing is simu-
lated in M 4A to dewater the lignin slurry.

« Catechol, phenol, syringol and 4-methylcatechol are the
key components for simulating the monomeric pheno-
lic mixture—other compounds are neglected.

+ Oligomeric and polymeric products, along with the
resulting carbonisates, is defined as CHAR and is dis-
charged as a solid and not recycled.

« 7 wt.% of the solvent ethyl acetate is not recycled and
discharged due to possible impurities.

Bl R A SUSTAINABLE BIOECONOMY'

« All input material streams of the simulation have a tem-
perature of 11°C, which is the rounded annual mean
temperature in Germany in 2020 (Bundesamt, 2021).

« A temperature of 55°C is assumed as the flow back tem-
perature of the heat transfer medium to the biogas com-
bined heat and power plant (CHP).

« Due to the additional HEATER blocks inserted, heat
losses are simulated at several points. In general,
AspenPlus calculates material flows as adiabatic sys-
tems. In the heat transfer medium, the loss is assumed
to be 5% and in the product stream 15% over the com-
plete biorefinery process chain.

« Initially, hydrothermal, subcritical water is assumed as
the heat transfer medium instead of low-temperature
steam to be able to calculate with uniform physical
models throughout the simulation.

« Pumps have a pump efficiency of 80%.

« To provide conservative data for the techno-economic
analysis, all simulation results, including the heat ex-
changer areas, are rounded up to whole numbers.

The miscanthus biorefinery is divided into four process
steps: module M 1, modules M 2A and 2B, modules M 3A
and 3B, and modules M 4A and 4B as highlighted in gray
in the process flowsheet in Figure 2 as well as two addi-
tional auxiliary material cycles (a heating cycle as high-
lighted in red, and a cooling cycle as highlighted in green).
The purple mass flows in the right margin of the figure
signal the product flows of the products furfural, HMF,
carbonisates and phenolic mixture, which was split into
two partial flows in the process simulation. The feedstocks
miscanthus, fresh water, catalysts and auxiliary materials
for the separation operations are marked in dark blue.
Light blue are waste and residual streams. These include
the removal of portions of contaminated auxiliary materi-
als or the recycling streams.

2.2 | TEA assumptions

In the following, a techno-economic feasibility study of
producing platform chemicals (i.e., HMF, furfural and
phenol) from miscanthus provides insights into the eco-
nomic demonstration of small-scale biorefineries at the
example of the German state of Baden-Wiirttemberg.
The basis of the techno-economic analysis (TEA) is the
process simulation, the small-scale pilot plant and the
underlying experimental data explained and presented
in the previous sections. The mass and energy balances
of the process simulation provided the framework for
the design of the apparatuses. Investment estimation
methods were applied to map the pilot scale to indus-
trial scale by applying a parametric model resulting in
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a class three estimate, with a maximal accuracy range
of —15% to +15%, for the economic concept assessment
(Christensen et al., 2005).

The detailed factors method was used to analyze the
economic profitability of the proposed small-scale, mod-
ular biorefinery. The method estimates the capital expen-
ditures (CAPEX) as investments for physical facilities and
operational expenditures (OPEX) as operating costs as per-
centages of the total equipment costs and revenues. The
construction costs are calculated as a percentage of the
total equipment cost and a brownfield approach has been
chosen. Prices are updated with current indexes to the ref-
erence year 2020. Due to the use of acids in the process,
the standard construction material is stainless steel 316L.

The biorefinery concept is scaled from Scale 1, an on-
farm concept with 500 kg, and ranging to Scale 10, a re-
gional concept with 5000 kg miscanthus input per hour.
The selection of apparatuses and the scaling factors are
obtained from Peters et al. (2003), Chauvel et al. (2003) as
well as Couper et al. (2005) and Turton et al. (2018). Scale
1 represents a small-scale biorefinery that can be operated
by one or a few farmers in collaboration. In contrast, Scale
10 can be operated centrally by several farmers in a co-
operative network. Both scales thus define the minimum
and maximum theoretical capacity of the investigated
biorefinery concept.

The TEA assumptions are summarized in Table 1 and
cover the techno-economic profitability factors as well as
further cost factors in accordance with a solid—fluid pro-
cessing facility. In the following, the TEA figures are used
for estimating the costs.

3 | RESULTS AND DISCUSSION
3.1 | Mass flow results used as raw data
for the TEA

The Sankey diagram in Figure 3 shows an overview of the
mass flow of miscanthus components through the biore-
finery as a result of the process simulation. For simplicity
and clarity, miscanthus is shown dry based and ash free
and consists only of the components hemicellulose, cel-
lulose and lignin. The mass flow is normalized to one ton.
The descriptions of the different modules (process steps)
are based in Figure 1. The Sankey diagram does not show
the water consumed in the hydrolysis reactions during
biomass decomposition but the water produced in the de-
hydration reactions (e.g., Furfural and HMF synthesis).
Accordingly, in contrast to Figure 4, the Sankey diagram
shows pure products without, for example, residues of
solvents.

( bi
63kg _\”Vlrnjogaspla?}/_,,
miscanthus
com;;otsmon § c
[ D~ 5 —
£
S E g g3 95 kg
2ES ER is =
R 52 ;S
T o | A — L=t et
O = = s
cellulose: 443 kg Z ‘g 2E
xylose: 253 kg £ = 73 kg
lignin: 109 kg L "
char
5 2k
) 9 char
B~
o
% = furfural
53
5 ~
s monomeric
MISCANTHUS BIOREFINERY aromats
char and

mm cellulose = char mm charand oligomeric aromats

= lignin

lignin and crystalline cellulose = monomeric aromats

oligomeric aromats

furfural

glucose

hydroxymethylfurfural (HMF)

rest mm water mm xylose

FIGURE 3 Sankey-Mass-Flow-Diagram of the miscanthus biorefinery without auxiliaries and solvent based on the key components
cellulose, xylose and lignin of 1 ton fresh matter feedstock. The product flows represent pure components
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TABLE 1 Assumptions for the TEA

Scale-up capacity range: (miscanthus input with 10 wt.% dry matter)

« Scale 1: 0.5 tons per hour

« Scale 10: 5 tons per hour

The techno-economic profitability factors:

» Biorefinery lifetime: 20 years

« Operation time: 7.000 h per year

» Equity: 30%

» Debt interest rate: 3%

« Equity interest rate: 10%

« Depreciation period: 10 years

« Depreciation method: Straight line depreciation

« Fixed costs, raw material and product prices increase by 1% per
year

Working capital: 10% of total revenue

Tax: 30% on income

Reference year: 2020

Price index: PCDI

Concerning the mass flow for miscanthus X gigan-
theus, the composition analyses show a lignin content
of 12 wt.% dry matter, cellulose contents of 49 wt.% dry
matter and hemicellulose contents of 28 wt.% dry mat-
ter. The amount of biomass needed is derived from the
EU-BBI-GRACE-project. The material balance consists
of ash, proteins and an analytically undeterminable re-
mainder. The water content is approximately 9.7 wt.%.
Thus, one ton of fresh miscanthus contains 805 kg of
the key components lignin, hemicellulose and cellulose
(see Figure 3).

In the pretreatment module M 1, the cellulose is par-
tially hydrolyzed. The crystalline cellulose is not solubi-
lized under these conditions (Paksung et al., 2020) and is
discharged together with the lignin. The hemicellulose is
converted only to the amount of xylose to simplify the pro-
cess simulation. This results in a gap in the mass balance,
which is shown as an accumulated rest flow depicted as a
gray line in the Sankey Figure 3. This includes other hemi-
cellulose components such as arabian or galactan. The gap
in the mass balance after M 1, which is not covered by the
defined key components and is caused by different analyt-
ical methods and the normalizations in the simulation, is
5.5 wt.% or 44.4 kg.

In addition to the solids, some of the glucose and xylose
and some of the rest flow are also transferred to module
M 4. The solids are still moist and therefore a proportion
of the dissolved substances is also discharged. In this pro-
cess step, the coal yield is very high compared to the phe-
nol yield. There is a need for further optimization here.
The glucose, xylose and residual material streams that
have been dissolved in M 1 are subsequently converted
to furfural and HMF in M 2A and M 3A, respectively, and

Total plant cost:

» Equipment cost

« Other direct costs (specified as % of equipment cost)
o Installation: 39%

o Piping: 31%

o Instrumentation: 26%

o Building and structure: 12%

o Auxiliaries: 55%

o Outside lines: 5%

o Indirect costs (specified as % of equipment cost + direct costs)
o Engineering and Construction: 65%

o Legal expenses: 4%

o Contractor's fee: 19%

o Contingency: 37%

Manufacturing costs:

« Labor expenses:

o Direct cost: 4 shifts

o Indirect cost: 20% of direct cost

» Tax and insurance: 2% of Total plant cost

« Maintenance: 4.5% of Total plant cost

purified and separated in M 2B and M 3B. As already de-
scribed in the assumptions for the Aspen simulation, a
solid formation of 10 wt.% related to the starting carbohy-
drates is assumed. In the continuous test setup of the pilot
plant, an exact determination of the coal formation is not
possible. Analogous to M 1, further compounds are also
formed during the subsequent reactions, which are again
summarized here as a rest. The missing components to
fill the gap to 100% in the mass balance are side products,
that have not been individually included in the simula-
tion. The publication by Wiist et al. (2020) summarizes
these possible reaction side products. The reactors in M 2
and M 3 are not operated at full conversion so that unre-
acted xylose and glucose remain in the process water. In
the process simulation, 90 wt.% of these are returned to
the reactor (M 4B to M 1). This increases the overall yield,
producing 95 kg of HMF and 117 kg of furfural from 1 ton
of miscanthus. The missing 10 wt.% is removed from the
cycle by a purge stream toward the biogas plant to avoid
accumulation of dead-end compounds, salts and other
impurities.

With one distillation unit, only a certain proportion of
the furfural produced can be separated from the process
water in M 2B at the desired purity. However, since fur-
fural is hardly decomposed in aqueous, acidic media and
under the influence of temperature (Dunlop, 1948), this is
also recovered so that the furfural losses are only a result
of the purging process. Here, an additional process sub-
step, such as stripping unit or a second distillation unit
could further reduce the furfural losses if necessary. In the
case of HMF, a tolerable loss of 2 wt.% of the HMF quan-
tity is assumed, since HMF subsequently reacts easily fur-
ther to, for example, hydrochar and levulinic acid (Jung
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Materials Value
Miscanthus 500 kg/h
Water 656 kg/h
S | Acid 0.3 kg/h
Heat 3332 MJ/h
Power 23 MJ/h
~ | Heat 4107 MJ/h
- = Power 2 MJ/h
g- Auxiliary 1* 2.2 kg/h
o | Auxiliary 2* 43.4 kg/h
= Heat 1235 MJ/h
Power 20 MJ/h
KOH 3kg/h
« | Ethyl acetate | 13.9 kg/h
= Heat 1155 MJ/h
Power 34 MJ/h

Process (Biorefinery)

Products Value

Heat 1.646 MJ/h
Furfural 61.5 kg/h

HMF 52 kg/h
pre Loan |
Char wet 339.5 kg/h §'
S:r:tto biogas 671 ke/h (@)
Auxiliary 1* 2.2 kg/h

Auxiliary 2* 43.4 kg/h

Ethyl acetate 13.9 kg/h

FIGURE 4 Inputand output values of the small-scale biorefinery (500 kg/h). HMF purity, 0.9 wt.%; Furfural purity, 0.95 wt.%; Phenolic
compounds purity, 0.9 wt.% and a moisture content of the char of 57 wt.%. *Details cannot be described because of a current patent

application

et al., 2021). This leaves the plant via the purge stream to-
ward the biogas plant.

In summary, with this plant configuration and the
assumptions made at the current stage of development,
95 kg of HMF, 117 kg of furfural, 18 kg of a pheno-
lic monomers, 75 kg of HTC char and 217 kg of a solid
mixture of lignin, char and carbonized crystalline cellu-
lose can be recovered from one ton of miscanthus. Due
to rounding and the internal uncertainties of the various
analysis methods, the mass balance cannot be completely
closed. The missing 42 kg correspond to 5.2% related to the
described input key components. Regarding the uncer-
tainty of miscanthus composition by comparing analytical
and literature data (Arundale et al., 2015), the cellulose,
hemicellulose and lignin contents vary by more than 20
wt.%. The composition is mainly affected by, for example,
the cultivation location or the genotype and results in cor-
responding variations in product yields. This composition
variation is taken into account in the upcoming sensitivity
analysis (see Section 3.5).

The input and output material and energy flows are
summarized in Figure 4 of the small-scale biorefinery with
a capacity of wet biomass of 500 kg/h in steady-state, run-
ning operation. The plant is completely filled and Figure
4 shows the mass flows leaving and replacing the biore-
finery per operating hours sorted by modules. Differences
between input and output flows occur because of rounded

numbers. Compared to Figure 3, Figure 4 includes the
solvent water, the auxiliaries and the power and heat
demand.

3.2 | Costestimation
The baseline states the cost estimation results of the Scale
1 biorefinery. Based on the unit operations used in the
process simulation, the main components of the plant
were defined and the capital cost estimated. The estimate
of the investment level for these apparatuses is presented
in Table 2 and shows the aggregated equipment costs after
price and currency adjustment to the year 2020, including
scaling factors and labor requirements. The highest equip-
ment cost of approx. 0.89 Mio. EUR has the furfural pro-
duction module (M 2) followed by the HMF production
module (M 3) with 0.42 Mio. EUR and the phenol pro-
duction module (M 4) with 0.28 Mio. EUR as well as the
pretreatment module with 0.27 Mio. EUR. The equipment
cost of the modules amount to 1.8 Mio. EUR. The most
labor-intensive module with 0.64 of personnel required
per shift is the HMF production (M 3). In the supporting
information, the distribution is shown again as a pie chart.
Further cost for the storage and internal transport of
the raw materials as well as utilities or operating materi-
als for the cooling circuit and the heating of the plant are
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TABLE 2 Estimation of the acquisition costs of individual plant apparatus of the Scale 1 biorefinery

Module Equipment Number

M1 Pumpsb

Biomass pre-treatment®
Heat exchanger®
Reactor®
Separatorb

Heat exchanger®
Reactor®

Filters®

Distillation column®
Decanter?

Pumps®

Heat exchanger®
Reactor®

Filters®

Separation units

M 4 Pumps®

Heat exchanger®
Reactor®

Filter®
Mixer-Settler”
Distillation column®

Tank®

o= =N R R W NN = RN E N E R EE D WN

Total

“Brown (2006).
bPeters et al. (2003).
‘Chauvel et al. (2003).
Trippe (2013).

independent of the modular process simulation and are
summed up to 0.2 Mio. EUR. Hence, the sum of equip-
ment cost results in a total of approximately 2.0 Mio. EUR
for the Scale 1 biorefinery.

In addition to capital cost for the major components
of the plant, further capital expenditures were calculated
based on the TEA assumptions (Table 1) using the factor
method. Within inside battery limits, the capital cost esti-
mation figures for a brownfield biorefinery approach re-
sult in a total of approximately 5 Mio. EUR.

The annual operating costs (OPEX) of the plant are di-
vided into variable and fixed costs. The variable operating
costs include the supply and transport of miscanthus and
the synthesis and purification steps to produce the final
products as well as the disposal of the waste streams into
a biogas plant. The flows of electrical and thermal energy
were determined in accordance with the process simula-
tion (c.f. Figure 2).

The overall operating cost per year amount to 2.3 Mio.
EUR of which the variable operating costs account for 59%

Cost [T EUR] Scale-up exponent Labor factor®

278 0.6 0.4
0.6
0.6
0.9
0.9
886 0.6
0.9
0.6
0.55
0.6
413 0.6
0.6
0.9
0.6
0.68
282 0.6
0.6
0.9
0.6
0.6
0.55
0.6

0.38

0.64

0.48

1.8 Mio. EUR 2 per shift

and the fixed costs for 41%, which contain fixed labor and
overhead as well as maintenance and tax and insurance.

By assuming a miscanthus price of 90 EUR per ton
(Petig et al., 2019), the provision of feedstock has a share
of 14%, as seen in Figure 5. The labor and overhead costs
account for 32% of total operational expenditures and con-
sist of direct personnel costs of 27% and indirect personnel
costs of 5%. The labor hours amount to 18,790 labor-hours
per year for the Scale 1 concept and were estimated using
labor equivalents for selected major components after a
literature comparison (Brown, 2006; Peters et al., 2003,
2004). The high labor requirement of two persons per shift
are justified by the assumption that optimized automation
of the plant concept has not yet taken place and should be
investigated in follow-up studies.

The highest cost share with 12% of the four modules
accounts to module M 3. The other modules share is be-
tween 8% and 9%. In total, the modules are attributable to
37% to the OPEX. Of this, the largest share is for heating
costs, followed by auxiliaries and miscanthus costs. The
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6% : 3% 14%

M 1: Pretreatment

8%
M 2:
Labor & Furfural
overhead production
33% 9%
M 3: HMF
production
Transportation 12%

1% Disposal M 4: Phenol production

8% 8%

Auxilliaries Thermal Energy

13.9% 21.8%
Electric
Energy
0.7%
Miscanthus
13.9%
Rest
50%

FIGURE 5 Distribution of total OPEX costs of the biorefinery in Scale 1 (500 kg/h) per module (left) and per input (right)

scale-dependent transport costs are determined depend-
ing on the annual transported quantity to satisfy the de-
mand at the plant according to its capacity and amount to
roughly 1% after Eltrop et al. (2014).

Due to the spatial distribution, biomass has higher sup-
ply and transport costs with increasing transport distance,
which leads to negative economies of scale and can be re-
ferred to as diseconomies of scale or more specifically dis-
economies of supply. This effect is more pronounced the
larger the planned plant concept is and counteracts the
classic economies of scale. In the present case, this effect
plays a subordinate role due to the small plant sizes and
the short transport distances, but requires demonstrative
investigations for larger distances.

3.3 | Scale-up

Based on the baseline cost estimation of the basic plant
design, a scaling-up of the plant concept is performed. To
allow for gradual scaling starting from Scale 1 to Scale 10,
individual apparatuses were assigned with specific scale-
up factors.

With scale increase, the total capital costs rise dispropor-
tionately with a scaling factor of approx. 0.63. This dispropor-
tionate increase characterizes the classic economies of scale
in process engineering, which often has a value between 0.5
and 0.7 for thermochemical processes (Turton et al., 2008).
The scaling factor of 0.63 consists of individual scaling fac-
tors of each of the modules. The scaling factor of the pretreat-
ment module (M 1) is 0.74. The furfural production module
(M 2) has a scaling factor of 0.59, the HMF production (M 3)
of 0.69 and the phenol production of 0.63 (M 4).

Compared to the total capital costs of the Scale 1 con-
cept with 5 Mio. EUR, a 10-fold increase in capacity re-
sults in a roughly fourfold increase to 21 Mio. EUR in
the Scale 10 concept. The operating costs, however, have

almost seven-folded from 2.3 to 15.8 Mio. EUR. Thus, the
OPEX-scaling factor is 0.85. Figure 6 shows the degres-
sive development of the absolute CAPEX and the share of
OPEX for the 10 scales.

As expected, the share of transportation costs increases
with higher biomass demand. The scale increase significantly
reduces the OPEX, in particular the portion of direct person-
nel cost, from 27% (scale 1) to 7% (scale 10). For those small
scales, the personnel requirement of 2.47 per shift (scale 9) is
unsuitable and must be assessed as too high. Other on-farm
biorefinery concepts such as biogas plants calculate with
far lower personnel demands. A rule of thumb here is 6.7
working hours per kilowatt and year (Schattauer & Weiland,
2006). With an average plant size of 415 kW in Germany
(Daniel-Gromke et al., 2017), this is just 2780 h/a, instead of
23 thousand working hours assumed in this work.

Positive economies of scale in the economic evaluation
of process engineering systems describe the effect of dispro-
portionate increase in equipment costs of system compo-
nents with component size. Thus, the specific capital costs
do not decrease linearly with an increase in the plant capac-
ity, but degressively from a capacity exponent lower than
one. The closer the scaling factor is to the value one, the
lower the scaling effects. Exponents of degression (scaling
factor) in size close to one thus favor decentralized biore-
finery concepts, since a reduction in the specific production
costs per output unit is small and would be zero with an
exponent of one. Put simply, a high exponent value (close to
one) speaks for a numbering-up, that is, the decentralized
installation of several small systems, and a value well below
one for a scale-up of the systems, that is, the centralization
of production capacities to a few large systems.

In the economic evaluation of process engineering
plants, the decisive factor is which type of conversion pro-
cesses are used. A factor of 0.63 as for the baseline cost
estimation enables to operate small biorefineries econom-
ically. However, this value is not high enough to argue as a
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FIGURE 7 (a) HMF price plot of different scenarios over a scaled plant size from 3.5 to 35 tons of miscanthus input per year. HMF price
plot comparing two scenarios with high lignin content over a scaled plant size from 17.5 to 35 kilo tons of miscanthus input per year. (b)

No M4 = no valorization of lignin to monomers; High lignin content = miscanthus feedstock has a lignin content of 21 wt.%; High phenol

price = minimum selling price of 6 EUR/kg monomeric aromats instead of 1.3 EUR/kg

standalone argument for numbering-up and thus smaller,
decentralized plants, or the other way around.

3.4 | Scenario analyses

The scale-up results are used in the following scenario
analyses and provide a price range of 3.87-6.93 EUR/kg
HMF (c.f. Figure 7a), while the prices of all other products

are kept constant (cf. Supplementary Materials S1). These
calculation figures are applied in an analysis with three
scenarios to derive to the optimal plant capacity and bi-
orefinery configuration. The first scenario “High Lignin
Content” assumes a higher lignin content of miscanthus.
Whereas the second scenario “No M4 & No Lignin Price”
describes a concept configuration without the phenol
module M 4, the third scenario “No M4 & Lignin Price” as
well removes M 4, but sells lignin additionally.
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miscanthus price on the HMF minimum selling price

The High Lignin Content scenario relates to the afore-
mentioned uncertainty in miscanthus composition (cf.
Section 3.1) and considers a higher lignin content in the
miscanthus composition of 21.4 wt.% wet based according to
Butler et al. (2013). Especially, lignocellulosic biorefineries
require the utilization of lignin to be economically feasible
(Petig et al., 2018). The goal of this high lignin content sce-
nario is to investigate whether lignin utilization is a key factor
for the economic viability of the proposed miscanthus biore-
finery. Increasing the lignin content in the biomass decreases
the hemicellulose and cellulose content. This changes not
only the product quantity of the phenolic mixture, but also
the HMF and furfural quantity. The corresponding data are
provided in Supplementary Materials S1. By keeping the
CAPEX and OPEX equivalent to the baseline figures, the
minimum selling price of HMF for Scale 10 is 4.13 EUR/kg
HMF as shown in Figure 7a by the gray-dotted line.

The No M4 & No Lignin Price scenario removes mod-
ule M 4 and assumes that the lignin slurry is not valorized.
This leads to a reduction of CAPEX from 20 to 18.5 Mio.
EUR and a CAPEX scaling factor reduction to 0.62 in com-
parison to the baseline. Without module M 4, lower HMF
prices can be achieved ranging from 5.85 to 3.35 EUR/kg
HMF as shown in Figure 7a by the yellow-dotted line.

The No M4 & Lignin Price scenario removes module M
4 of the biorefinery and sells lignin at a price of 0.6 EUR/
kg (Smolarski, 2012). This lowers the HMF price further
as shown in Figure 7a by the red-dotted line. The input-
output tables for the No M4 scenarios are also attached in
Supplementary Materials S1.

Concluding findings highlight that the timing of mis-
canthus harvest should minimize the degree of lignifica-
tion at maximum dry matter yield.

By comparing the two lignin valorization scenarios
with another where both scenarios assume a higher lig-
nin content and either a high lignin price of 0.6 EUR/kg
(No M4 & High Lignin Content & Lignin Price) or a high
phenol price of 6 EUR/kg (High Lignin Content & High
Phenol Price), an assessment of the cost-effectiveness of
the M 4 module is possible (shown in Figure 7b).

For example, by either selling phenol mixture at a very
high price or by further lowering the cost of the phenol
module M 4. In general, the sales can be increased with
higher product yields by moving the semi-continuous
setup to a continuous plant design and recycling of the
unreacted lignin fragments. While the OPEX can be re-
duced by lowering the consumption of ethyl acetate, for
example, by applying a countercurrent extraction for
the separation (M 4B), as explained in detail in chapter
8 the CAPEX do not have a major effect on the product
prices (see Figure 8). Hence, future research shall focus
on reducing solvent consumption and on the recovery
of unreacted lignin. At the current stage of development
(TRL 3-4), this has not yet been the focus of research.
Increasing the TRL to 6, the same TRL of the other mod-
ules, would strengthen the validity and comparability be-
tween the scenarios.

If the plant size of the presented biorefinery concept
is restricted, for example, by low biomass availability at
the site, a plant capacity to the left of the crossing point at
Scale 8 of the two lines is favored without the implementa-
tion of module M 4 as in the No M4 scenario. Instead, the
valorization of lignin could be done by semi-decentralized
concepts similar to dairies. For larger plant sizes, decen-
tralized on-site refining of lignin to phenol mixtures be-
comes more economical.
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Using the HMF price as an indicator, the scenario re-
sults lead to a concept configuration with a process com-
bination containing the modules M 1, M 2, M 3 and M 5
without further refining of lignin to phenolic compounds.
Given a continuous supply of miscanthus and by compar-
ing the payback period, an optimal concept size with a ca-
pacity of roughly 31.500 tons per year can be determined.
As investigated by Petig et al. (2019), several regions in
Baden-Wiirttemberg can provide the required miscanthus
quantities for the addressed capacity ranges within a sup-
ply distance of only a few kilometers.

If the above-mentioned variable heat and miscanthus
prices and quantities are not a limiting factor, the decision
on the plant size depends on aspects such as product mar-
ket volume, committed purchase quantities and available
capital that required further investigation. Due to the re-
gressive curves (see Figure 7a), slightly lower minimum
selling prices are still achievable with a Scale of 10 com-
pared to Scale 9. But the payback period decreases from
16 to 13 years between Scale 1 up to Scale 9, but does not
decrease further from plant size 9 to 10. Smaller plants re-
quire less capital and the break-even volume is lower. The
risk of losses is thus reduced. This is a critical argument
for small-scale biorefineries, especially when piloting new
processes and technologies.

3.5 | Sensitivity analyses

For the optimal plant configuration without M 4 and by
assuming a high lignin price such as in scenario No M4
and Lignin price, a sensitivity analysis is used to identify
the most critical parameters that most effectively lead to a
price reduction of HMF. For this purpose, the CAPEX and
OPEX as well as the prices of the co-products furfural and
lignin are varied in five steps from/to +20%. The results of
the parameter variation are shown in Figure 8.

If one looks at the range of variation with changed
market prices of the co-products, this amounts to a
maximum of 7.3% for furfural (ceteris paribus). Within
this range, CAPEX have an influence of +2.5% at most,
whereas OPEX can influence the HMF price by +18.5%.
This leads to the conclusion that the greatest optimization
potential lies in a reduction of OPEX and, for example,
not so much in a technical optimization of the main ap-
paratus. To be able to assess the economic efficiency at the
current stage of development, OPEX that are not directly
related to the technical process are selected for the further
sensitivity analyses (Figure 8). The cost items personnel
requirement, heat price and miscanthus price are more
technology-independent than, for example, the items aux-
iliary material and heat quantity. While personnel costs
are overestimated, only a cost reduction is considered.

Bl R A SUSTAINABLE BIOECONOMY'

To reach a higher reduction in personnel costs than 20%,
the degree of automation of the industrial plants should
be much higher than currently in the biorefinery baseline
scale. Here, one can take the example of on-farm biogas
plants. These can be operated by the farmers’ employees
themselves. In principle, there would then only be a need for
skilled staff for maintenance and repair work. This could be
organized through service contracts for several decentral-
ized biorefineries, which would lead to a massive reduction
of the OPEX. The authors are of the opinion that a joint re-
duction of heat and miscanthus costs to this extent (—20%)
is at least achievable and they see a combination of these
scenarios as already realistically feasible independently of
further technical optimizations on the way to industrial ma-
turity (TRL 9). Overall, including personnel costs reduction
by 20%, this would reduce the HMF price to 2.21 EUR/kg.

Concerning the heat prices, a study published in 2018
reports extremely heterogeneous prices for heat deliv-
ery from biogas plants. These vary from free provision to
over 10 EUR cents/kWh (Herbes et al., 2018). Even with
a small-scale biorefinery and thus an on-site biogas plant,
the costs for heat supply have to be considered. Favorable
and long-term purchase contracts can significantly re-
duce HMF prices. It is also recommended to not operate
the biorefinery mostly during winter times when the heat
is needed elsewhere, for example, in stables. The part of
technical optimization of energy and material coupling
of small-scale biorefineries with biogas plants is currently
the subject of further research.

Regarding the feedstock prices, a study on the price-
driven feedstock potential of miscanthus in Baden-
Wiirttemberg identifies regions, even at prices of 72 EUR/
ton, that could provide enough feedstock for the biorefin-
ery to produce HMF at a price per kilogram of 2.21 EUR/kg
(Petig et al., 2019). These values can only be achieved by as-
suming a lignin price of 600 EUR/ton. Whether the lignin
quality is sufficient for this price requires further research.
To address this uncertainty, a sensitivity analysis of —20%
for the raw material costs, heat and personnel costs are
again applied to Scale 9 of the worst-case scenario in which
the lignin is not a marketable product and has no sales (No
M4-No Lignin price scenario, Figure 7). The resulting min-
imum selling price for this scenario would be 2.90 EUR/kg
HMEF. As a result of this work, we see a price range of 2.21-
2.90 EUR/kg HMF as realistically achievable.

A study of FNR showed that the material prices of
biobased and biodegradable plastic goods are 2-3 times
higher than that of competing petrochemical materials
(Rohstoffe eV FN, 2014). This is aligned with our find-
ings of a HMF market price of approximately 2-3 EUR/
kg compared to the fossil equivalent for polyester produc-
tion of 0.85 EUR/kg para-xylene (Davidson et al., 2021).
To enter the market rapidly HMF must be converted into
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customer goods with advanced functionalities such as
polyethylenefuranoate PEF, which has better barrier prop-
erties compared to PET (Burgess et al., 2014). However,
the presently high prices of HMF combined with the low
market availability may hinder rapid product develop-
ment. Nonetheless, biobased product potentials for higher
value applications will increase and, in the mid to long
term, regulatory requirements such as the CO, taxes are
expected to cause the price of fossil raw materials to rise.
This will further close the gap between the prices of fossil-
based and biobased chemicals.

In its configuration of a sucrose HMF plant, Steinbach
assumes production costs of 4.30 EUR/kg (Steinbach,
2020). Regardless of the underlying technology maturity,
starting biomass, reaction media and calculation meth-
ods used, Davidson et al. (2021) show HMF prices rang-
ing from 0.35 (minimum production costs, not price) to
2.16 (minimum selling price) $/kg in a review article pub-
lished in 2020. With prices between 2.21 and 2.90 EUR/
kg, we are just out of the range. But even though, the au-
thors see the process as competitive because it is already
being tested and further developed on a pilot plant scale.
Also, the implementation in an aqueous medium (green
chemistry approach) makes decentralized, regional oper-
ation possible without major infrastructure requirements.
In addition, the use of carbon-positive second-generation
biomass such as miscanthus incorporates a socially ac-
ceptable sustainable concept.

4 | CONCLUSION

Biorefinery concept is the key for the bioeconomy, but its
viability requires economic evaluation while taking dif-
ferent scales and configurations into account. Financial
feasibility in terms of profitability is the major problem of
bioproducts production. To improve the competitiveness,
the end-product prices must be further lowered through
further process engineering developments toward indus-
trial production.

For example, for the modules M 1-3, the idea of lower
reaction temperatures at the same yield through longer
residence times could also be considered. This may re-
duce the overall energy demand to some extent and thus
mitigate some of the uncertainty with respect to the heat
price. The prerequisite for this, of course, would be a sim-
ilar yield and quality of products. Especially concerning
real input biomass, there is some further research needed.
Also, the assumption to purge 10 wt.% of the total flow of
the recycling loop has to be validated and if possible mini-
mized. By reducing the purge-stream, more carbohydrates
can be recovered. This task must be tackled in a first of its
kind demo plant at industrial scale.

Next to process optimization, the profitability of biore-
finery concepts is influenced by market potentials of
biobased product, which in contrast to fossil-based prod-
ucts provides functional benefits through better material
properties and better sustainability. For instance, a market
study showed that the biobased, biodegradable and more
expensive mulch film in agriculture led to an unexpected
manifestation in the market because of its property to be
decomposable (Rohstoffe eV FN, 2014).

The analysis of the OPEX distribution, the scaling and
the sensitivity analyses have shown that the question of
the optimal plant size and configuration depends mainly
on the geographical features of the facility as well as the
local heat and feedstock prices. Nonetheless, further de-
cision criteria like population, social or industrial factors
must be taken into account by considering multiple crite-
ria simultaneously.

It was also found that the personnel costs have a major
impact on the minimal selling price of HMF. But the re-
sults indicate that the common methods for calculating
personnel requirements relay on historical data of fossil
industries. For small-scale biorefineries, they are not fully
suitable. They tend to overestimate for smaller scales. The
authors see a need for further research and optimization
for the evaluation of personnel costs for agro-industrial
“on-farm biorefineries."

Therefore, future research must pose the biorefinery
concept evaluation into a multi-objective optimization
problem. The environmental impact of the biorefinery
concept will be discussed in an upcoming publication.

ACKNOWLEDGMENTS

The research and development work leading to the results
presented in this article have been carried out within the
framework of the EU project GRACE and the project “B4B—
Biorefinery for the Bioeconomy in Baden-Wiirttemberg”
(FKZ: 7533-10-5-184) funded by the Ministry of Science,
Research and Arts (MWK) of the State of Baden-Wiirttemberg
(Germany). The BBI demonstration project GRACE has
received funding from the Bio Based Industries Joint
Undertaking (BBI JU) under the European Union’s Horizon
2020 Research and Innovation Program under grant agree-
ment No. 745012. The authors thank Ms. Katarzyna Swiatek
and Mr. Maciej Olszewski of the department of Conversion
Technologies of Biobased Resources for their efforts in the
construction and operation of the biorefinery pilot plant and
for conducting the experiments on which the simulation is
based. Theauthorswouldlike to thank Prof. Nicolaus Dahmen
for proofreading, and Mrs. Ursel Hornung, Mr. Bingfeng Guo
from the Institute for Catalysis Research and Technologies
at the Karlsruhe Institute of Technology, for providing the
raw data on phenol synthesis. The authors are also grateful to
Mr.Tommy Alexander Schmid of Biopro Baden-Wiirttemberg



GOTZ ET AL.

GmbH and Mr. Jan Lask from the Department of Biobased
Resources in the Bioeconomy of the University of Hohenheim
for the helpful discussions. Open Access funding enabled
and organized by ProjektDEAL.

DATA AVAILABILITY STATEMENT
Raw data material is available after request at Zenodo.org
under https://doi.org/10.5281/zenodo.5838719.

ORCID
Markus Gétz © https://orcid.org/0000-0002-6939-6299
Andreas Rudi © https://orcid.org/0000-0002-3786-9899

Raphael Heck  https://orcid.org/0000-0001-6891-6611
Frank Schultmann (© https://orcid.
org/0000-0001-6405-9763

Andrea Kruse (© https://orcid.org/0000-0002-8156-139X

REFERENCES

Arundale, R. A, Bauer, S., Haffner, F. B., Mitchell, V. D., Voigt, T. B., &
Long, S. P. (2015). Environment has little effect on biomass bio-
chemical composition of Miscanthus x giganteus across soil types,
nitrogen fertilization, and times of harvest. Bioenergy Research, 8,
1636-1646. https://doi.org/10.1007/s12155-015-9613-2

Barboza, J. N., da Silva Maia Bezerra Filho, C., Silva, R. O., Medeiros,
J. V. R, & de Sousa, D. P. (2018). An overview on the anti-
inflammatory potential and antioxidant profile of eugenol.
Oxidative Medicine and Cellular Longevity, 2018, 1-9. https://
doi.org/10.1155/2018/3957262

Bomgardner, M. (2019). BIOFUELS Clariant tests miscanthus feed-
stock. Chemical & Engineering News, 97, 13.

Bozell, J. J., & Petersen, G. R. (2010). Technology development
for the production of biobased products from biorefinery
carbohydrates—The US Department of Energy’s “Top 10”
revisited. Green Chemistry, 12, 539. https://doi.org/10.1039/
b922014c

Brown, T. (2006). Engineering economics and economic design for
process engineers. Taylor and Francis.

Bundesamt, S. (2021). Entwicklung der Jahresmitteltemperatur
in Deutschland in ausgewihlten Jahren von 1960 bis 2020.
https://de.statista.com/statistik/daten/studie/914891/umfra
ge/durchschnittstemperatur-in-deutschland/

Burgess, S. K., Leisen, J. E., Kraftschik, B. E., Mubarak, C. R., Kriegel,
R. M., & Koros, W. J. (2014). Chain mobility, thermal, and me-
chanical properties of poly(ethylene furanoate) compared to
poly(ethylene terephthalate). Macromolecules, 47(4), 1383-
1391. https://doi.org/10.1021/ma5000199

Butler, E., Devlin, G., Meier, D., & McDonnell, K. (2013).
Characterisation of spruce, salix, miscanthus and wheat straw
for pyrolysis applications. Bioresource Technology, 131, 202—
209. https://doi.org/10.1016/j.biortech.2012.12.013

Chauvel, A., Fournier, G., & Raimbault, C. (2003). Manual of pro-
cess economic evaluation. New, rev. and expanded ed. Institut
Francais du Pétrole publications. Ed. Technip, Paris.

Christensen, P., Dysert, L. R., Bates, J., Button, D., Creese, R. C., &
Hollmann, J. (2005). Cost Estimate Classification system-as ap-
plied in engineering, procurement, and construction for the pro-
cess industries. AACE, Inc 2011.

Clifton-Brown, J., Hastings, A., Mos, M., McCalmont, J. P., Ashman,
C., Awty-Carroll, D., Cerazy, J., Chiang, Y.-C., Cosentino, S.,
Cracroft-Eley, W., Scurlock, J., Donnison, I. S., Glover, C., Gotab,
L., Greef, J. M., Gwyn, J., Harding, G., Hayes, C., Helios, W,, ...
Flavell, R. (2017). Progress in upscaling Miscanthus biomass pro-
duction for the European bio-economy with seed-based hybrids.
GCB Bioenergy, 9, 6-17. https://doi.org/10.1111/gcbb.12357

Couper, J. R, Penney, W. R., Fair, J. R.,, & Walas, S. M. (2005).
Chemical process equipment: Selection and design. Gulf
Professional Publishing.

Dahmen, N., Lewandowski, 1., Zibek, S., & Weidtmann, A. (2019).
Integrated lignocellulosic value chains in a growing bioecon-
omy: Status quo and perspectives. GCB Bioenergy, 11, 107-117.
https://doi.org/10.1111/gcbb.12586

Daniel-Gromke, J., Rensberg, N., Denysenko, V., Trommler, M.,
Reinholz, T., Volker, K., & Beyrich, W. (2017). Anlagenbestand
Biogas und Biomethan-Biogaserzeugung und-nutzung in
Deutschland. DBFZ report:7.

Davidson, M. G., Elgie, S., Parsons, S., & Young, T. J. (2021).
Production of HMF, FDCA and their derived products: A re-
view of life cycle assessment (LCA) and techno-economic anal-
ysis (TEA) studies. Green Chemistry, 23, 3154-3171. https://doi.
0rg/10.1039/D1GC00721A

Dunlop, A. P. (1948). Furfural formation and behavior. Industrial and
Engineering Chemistry, 40, 204-209. https://doi.org/10.1021/
ie504582006

Dutta, S., De, S., & Saha, B. (2012). A brief summary of the synthe-
sis of polyester building-block chemicals and biofuels from
5-hydroxymethylfurfural. ChemPlusChem, 77, 259-272. https://
doi.org/10.1002/cplu.201100035

Eltrop, L., Hérdtlein, M., Jenssen, T., Henfller, M., Kruck, C.,
Ozdemnir, E. D., Hartmann, H., Poboss, N. & Scheffknecht, G.
(2014). Leitfaden feste Biobrennstoffe:[Planung, Betrieb und
Wirtschaftlichkeit von Bioenergieanlagen im mittleren und
grofien Leistungsbereich] (4., vollst. iiberarb. Aufl.). Giilzow-
Priizen: FNR.

Gandini, A., & Belgacem, M. N. (1997). Furans in polymer chemis-
try. Progress in Polymer Science, 22, 1203-1379.

Ghosh, J., Nandi, B., & Fries, N. (1982). Use of some volatile com-
pounds in the preservation of wheat grains from fungal dete-
rioration in storage under Indian conditions. Journal of Plant
Diseases and Protection, 89, 410-418.

Herbes, C., Halbherr, V., & Braun, L. (2018). Preise fiir die Abgabe von
Weérme aus Biogasanlagen an Dritte. Agrar Steuern.

Huang, Y., Ho, S.-H., Lee, H.-C., & Yap, Y.-L. (2002). Insecticidal
properties of eugenol, isoeugenol and methyleugenol and their
effects on nutrition of Sitophilus zeamais Motsch. (Coleoptera:
Curculionidae) and Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae). Journal of Stored Products Research, 38(5),
403-412. https://doi.org/10.1016/S0022-474X(01)00042-X

Jung, D., Korner, P., & Kruse, A. (2021). Kinetic study on the im-
pact of acidity and acid concentration on the formation of
5-hydroxymethylfurfural (HMF), humins, and levulinic acid in
the hydrothermal conversion of fructose. Biomass Conversion
and Biorefinery, 11, 1155-1170. https://doi.org/10.1007/s1339
9-019-00507-0

Kiesel, A., Wagner, M., & Lewandowski, I. (2017). Environmental
performance of Miscanthus, switchgrass and maize: Can C,
perennials increase the sustainability of biogas production?
Sustainability, 9, 5. https://doi.org/10.3390/su9010005


https://doi.org/10.5281/zenodo.5838719
https://orcid.org/0000-0002-6939-6299
https://orcid.org/0000-0002-6939-6299
https://orcid.org/0000-0002-3786-9899
https://orcid.org/0000-0002-3786-9899
https://orcid.org/0000-0001-6891-6611
https://orcid.org/0000-0001-6891-6611
https://orcid.org/0000-0001-6405-9763
https://orcid.org/0000-0001-6405-9763
https://orcid.org/0000-0001-6405-9763
https://orcid.org/0000-0002-8156-139X
https://orcid.org/0000-0002-8156-139X
https://doi.org/10.1007/s12155-015-9613-2
https://doi.org/10.1155/2018/3957262
https://doi.org/10.1155/2018/3957262
https://doi.org/10.1039/b922014c
https://doi.org/10.1039/b922014c
https://de.statista.com/statistik/daten/studie/914891/umfrage/durchschnittstemperatur-in-deutschland/
https://de.statista.com/statistik/daten/studie/914891/umfrage/durchschnittstemperatur-in-deutschland/
https://doi.org/10.1021/ma5000199
https://doi.org/10.1016/j.biortech.2012.12.013
https://doi.org/10.1111/gcbb.12357
https://doi.org/10.1111/gcbb.12586
https://doi.org/10.1039/D1GC00721A
https://doi.org/10.1039/D1GC00721A
https://doi.org/10.1021/ie50458a006
https://doi.org/10.1021/ie50458a006
https://doi.org/10.1002/cplu.201100035
https://doi.org/10.1002/cplu.201100035
https://doi.org/10.1016/S0022-474X(01)00042-X
https://doi.org/10.1007/s13399-019-00507-0
https://doi.org/10.1007/s13399-019-00507-0
https://doi.org/10.3390/su9010005

3I0ENERGY _

GOTZ ET AL.

Krawielitzki, S., & Kldusli, T. M. (2015). Modified hydrothermal
carbonization process for producing biobased 5-HMF plat-
form chemical. Industrial Biotechnology, 11, 6-8. https://doi.
0rg/10.1089/ind.2014.1543

Lask, J., Wagner, M., Trindade, L. M., et al. (2019). Life cycle assess-
ment of ethanol production from miscanthus: A comparison of
production pathways at two European sites. GCB Bioenergy, 11,
269-288. https://doi.org/10.1111/gcbb.12551

Lee, W.-C., & Kuan, W.-C. (2015). Miscanthus as cellulosic biomass
for bioethanol production. Biotechnology Journal, 10, 840-854.

Paksung, N., Pfersich, J., Arauzo, P. J., Jung, D., & Kruse, A. (2020).
Structural effects of cellulose on hydrolysis and carboniza-
tion behavior during hydrothermal treatment. ACS Omega, 5,
12210-12223. https://doi.org/10.1021/acsomega.0c00737

Peters, M. S., Timmerhaus, K. D., & West, R. E. (2003). Plant design and
economics for chemical engineers (Vol. 4). McGraw-Hill New York.

Peters, M. S., Timmerhaus, K. D., & West, R. E. (2004). Plant de-
sign and economics for chemical engineers, 5th ed., internat ed.
McGraw-Hill Chemical Engineering Series, McGraw-Hill.

Petig, E., Choi, H. S., Angenendt, E., Kremer, P., Grethe, H., & Bahrs,
E. (2019). Downscaling of agricultural market impacts under
bioeconomy development to the regional and the farm lev-
el—An example of Baden-Wuerttemberg. GCB Bioenergy, 11,
1102-1124. https://doi.org/10.1111/gcbb.12639

Petig, E., Rudi, A., Angenendt, E.. (2018). Linking a farm model
and a location optimization model for evaluating energetic
and material straw valorization pathways—A case study in
Baden-Wuerttemberg. GCB Bioenergy, 11, 304-325. https://doi.
org/10.1111/gcbb.12580

Pramoda, K., Ansarib, S. H., & Ali, J. (2010). Eugenol: A natural com-
pound with versatile pharmacological actions. Natural Product
Communications, 5, 1999-2006. https://doi.org/10.1177/19345
78X1000501236

Questell-Santiago, Y. M., Zambrano-Varela, R., Talebi Amiri, M., &
Luterbacher, J. S. (2018). Carbohydrate stabilization extends
the kinetic limits of chemical polysaccharide depolymeriza-
tion. Nature Chemistry, 10, 1222-1228. https://doi.org/10.1038/
$41557-018-0134-4

Rohstoffe eV FN. (2014). Marktanalyse Nachwachsende Rohstoffe-
Schriftenreihe Nachwachsende Rohstoffe. Band 34:96.

Schattauer, A., & Weiland, P.(2006). Handreichung Biogasgewinnung
und-nutzung. Herausgeber Fachagentur Nachwachsende
Rohstoffe eV (FNR). Aufl, 29-31.

Schwiderski, M., & Kruse, A. (2016). Process design and econom-
ics of an aluminium chloride catalysed organosolv process.
Biomass Conversion and Biorefinery, 6, 335-345. https://doi.
0rg/10.1007/s13399-015-0189-z

Shafiei, M. (2018). Techno-economic aspects of biogas plants. In M.
Tabatabaei & H. Ghanavati (Eds.), Biogas: Fundamentals, process,
and operation (pp. 333-353). Springer International Publishing.

Smolarski, N. (2012). High-value opportunities for lignin: Unlocking
its potential. Frost & Sullivan, 1, 1-15.

Steinbach, D. (2020). Umsetzung von Lignocellulosen zu
Hydroxymethylfurfural in einer hydrothermalen Bioraffinerie.

Swiqtek, K., Gaag, S., Klier, A., Kruse, A., Sauer, J., & Steinbach, D.
(2020). Acid hydrolysis of lignocellulosic biomass: Sugars and
furfurals formation. Catalysts, 10, 437. https://doi.org/10.3390/
catal10040437

Teitelbaum, L., Boldt, C., & Patermann, C. (2020). Global
Bioeconomy Policy Report (IV): A decade of bioeconomy policy

development around the world. A report to the International
Advisory Council on Global Bioeconomy, Berlin.

The World Bank. (2016). Arable land (hectares per person).
https://data.worldbank.org/indicator/AG.LND.ARBL.
HA.PC?end=2015&start=2005

Trippe, F. (2013). Techno-dkonomische Bewertung alternativer
Verfahrenskonfigurationen zur Herstellung von Biomass-to-
Liquid (BtL) Kraftstoffen und Chemikalien. Zugl.: Karlsruhe,
KIT, Diss., 2013, Print on demand. Produktion und Energie, vol.
3. Technische Informationsbibliothek u. Universititsbibliothek;
KIT Scientific Publishing, Hannover, Karlsruhe.

Turton, R., Bailie, R. C., Whiting, W. B., & Shaeiwitz, J. A. (2008). Analysis,
synthesis and design of chemical processes. Pearson Education.
Turton, R., Shaeiwitz, J. A., Bhattacharyya, D., & Whiting, W. B.
(2018). Analysis, synthesis, and design of chemical processes
(5th ed.). Prentice Hall International Series in the Physical and

Chemical Engineering Sciences.

Uihlein, A., Ehrenberger, S., & Schebek, L. (2008). Utilisation op-
tions of renewable resources: A life cycle assessment of selected
products. Journal of Cleaner Production, 16,1306-1320. https://
doi.org/10.1016/j.jclepro.2007.06.009

Valentine, J., Clifton-Brown, J., Hastings, A., Robson, P., Allison, G.,
& Smith, P. (2012). Food vs. fuel: The use of land for lignocellu-
losic ‘next generation’ energy crops that minimize competition
with primary food production. GCB Bioenergy, 4, 1-19. https://
doi.org/10.1111/j.1757-1707.2011.01111.x

van der Weijde, T., Kiesel, A., Igbal, Y., Muylle, H., Dolstra, O., Visser,
R. G. F,, Lewandowski, I., & Trindade, L. M. (2017). Evaluation
of Miscanthus sinensis biomass quality as feedstock for conver-
sion into different bioenergy products. GCB Bioenergy, 9, 176—
190. https://doi.org/10.1111/gcbb.12355

VCI. (2020). Rohstoffbasis der Chemieindustrie. Retrieved from
https://www.vci.de/vci/downloads-vci/top-thema/daten-fakte
n-rohstoffbasis-chemieindustrie.pdf

Winkler, B., Mangold, A., von Cossel, M., Clifton-Brown, J.,
Pogrzeba, M., Lewandowski, L., Igbal, Y., & Kiesel, A. (2020).
Implementing miscanthus into farming systems: A review of
agronomic practices, capital and labour demand. Renewable
and Sustainable Energy Reviews, 132, 110053. https://doi.
0rg/10.1016/j.rser.2020.110053

Wiist, D., Correa, C. R., Jung, D., Zimmermann, M., Kruse, A., &
Fiori, L. (2020). Understanding the influence of biomass par-
ticle size and reaction medium on the formation pathways of
hydrochar. Biomass Conversion and Biorefinery, 10, 1357-1380.
https://doi.org/10.1007/5s13399-019-00488-0

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: G6tz, M., Rudi, A., Heck,
R., Schultmann, F., & Kruse, A. (2022). Processing
Miscanthus to high-value chemicals: A techno-
economic analysis based on process simulation.
GCB Bioenergy, 00, 1-16. https://doi.org/10.1111/

gcbb.12923



https://doi.org/10.1089/ind.2014.1543
https://doi.org/10.1089/ind.2014.1543
https://doi.org/10.1111/gcbb.12551
https://doi.org/10.1021/acsomega.0c00737
https://doi.org/10.1111/gcbb.12639
https://doi.org/10.1111/gcbb.12580
https://doi.org/10.1111/gcbb.12580
https://doi.org/10.1177/1934578X1000501236
https://doi.org/10.1177/1934578X1000501236
https://doi.org/10.1038/s41557-018-0134-4
https://doi.org/10.1038/s41557-018-0134-4
https://doi.org/10.1007/s13399-015-0189-z
https://doi.org/10.1007/s13399-015-0189-z
https://doi.org/10.3390/catal10040437
https://doi.org/10.3390/catal10040437
https://data.worldbank.org/indicator/AG.LND.ARBL.HA.PC?end=2015&start=2005
https://data.worldbank.org/indicator/AG.LND.ARBL.HA.PC?end=2015&start=2005
https://doi.org/10.1016/j.jclepro.2007.06.009
https://doi.org/10.1016/j.jclepro.2007.06.009
https://doi.org/10.1111/j.1757-1707.2011.01111.x
https://doi.org/10.1111/j.1757-1707.2011.01111.x
https://doi.org/10.1111/gcbb.12355
https://www.vci.de/vci/downloads-vci/top-thema/daten-fakten-rohstoffbasis-chemieindustrie.pdf
https://www.vci.de/vci/downloads-vci/top-thema/daten-fakten-rohstoffbasis-chemieindustrie.pdf
https://doi.org/10.1016/j.rser.2020.110053
https://doi.org/10.1016/j.rser.2020.110053
https://doi.org/10.1007/s13399-019-00488-0
https://doi.org/10.1111/gcbb.12923
https://doi.org/10.1111/gcbb.12923

