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Abstract

Straw fermentation offers the advantage to provide energy for the electricity, the heat, and/or the mobility sector, while contrib-
uting in parallel to close nutrient and humus cycles in agriculture. In this study, the state of technology of straw biogas
fermentation is assessed. The results show that the selection of an adequate pretreatment process is one of the main key factors
for a successful provision of biogas from straw. The subsequent assessment of three pretreatment options (i.e., mechanical
treatment, steam explosion, alkaline treatment) shows that a mechanical pretreatment is economically more viable than the other
options, even though the expected biogas yield is clearly lower. This is mainly because chemical or thermal pretreatment results
in high investment cost due to high pressure or long residence times.

Keywords Industrial straw fermentation - Electricity frombiogas - Pretreatment - Economic assessment - Lignin-rich fermentation

residue - Nutrient - and humus cycle

1 Introduction

Biomass residues can be converted to bioenergy by means of
direct combustion, anaerobic digestion, or other thermal pro-
cesses such as gasification and pyrolysis. Bioenergy produc-
tion through methane by anaerobic digestion allows the more
energy efficient utilization of a wider range of substrates [1]
and has been found to have a lower effect on air quality, when
compared with direct combustion [2—4].

Biomethane is a widely useable fuel gas, which can be
obtained e.g., by anaerobic fermentation/digestion of straw.
One advantage of biomethane from straw is that it causes 80
to 90% less greenhouse gas (GHG) emissions compared with
natural gas [5, 6]. Therefore, it can help to achieve the GHG
reduction goals internationally agreed on within the so-called
Paris Agreement.
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However, so far, biomethane contributes only with a share
of about 0.2% to the natural gas consumption within the EU
[7]; on a global scale, the share is even lower. This biomethane
mainly results from the anaerobic treatment of animal excreta
and municipal organic waste as well as, especially in
Germany, whole crop silage [8, 9]. Whole crop silage is the
only form of lignocellulosic material, which is so far utilized
in anaerobic digestion in relevant capacities, but is in direct
conflict with food provision. Even due to this low contribu-
tion, the overall potential is high; in theory, 55% of the natural
gas could be substituted by biomethane [8] and 32 to 95% of
that could be provided by the anaerobic fermentation of straw
[10, 11]. Thus, the option to use straw as a source for
biomethane provision could contribute considerable to
achieve the environmental goals and can help in parallel the
European Union (EU) to become more independent from en-
ergy import.

The main challenge in straw utilization for biogas provision
is to degrade its resilient structure in pretreatment processes, in
order to enable a subsequent fermentation within the given
economic constraints. Therefore, it is the aim of this publica-
tion to compare different pretreatment concepts in terms of
their biogas/methane production costs. The overarching goal
of such a biogas provision from straw is the maximum con-
version of the organic feedstock with high conversion effi-
ciencies and with minimized waste production to supply a
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highly valuable gas to be used for the provision of “green”
energy. To minimize environmental effects and maximize
social/societal acceptance, the used biomass resources must
be provided in a highly efficient way by means of sustainable
farming and/or provided as a waste, by-product, or residue.
Straw, e.g., from wheat/rice/maize production, is typically al-
located to the latter category, since it can be used as a feed-
stock for biogas provision without land-use conflicts [12].

Additionally, due to globally rising population and subse-
quent increasing food demand, there is a huge potential of
unused straw (e.g., barley, soybean, wheat, rice, maize) on a
worldwide level. Globally, in total, straw could contribute
between 19 and 76 El/a (3 to 12%gopa) to the worldwide
primary energy use, expected in 2020 [10, 13]. Furthermore,
crop residues like straw and bagasse (crop residue from sug-
arcane showing similar composition and properties like straw
[14]) are available all over the globe [10].

So far, straw is only used to a very limited extend for biogas
provision. Only a hand full of straw-based bioenergy projects
have been implemented worldwide and operate in more or less
commercially relevant capacities [15, 16]. The largest straw-
based biorefinery projects presented to a wider public are the
Inbicon project (450 Kty,w/a in Denmark by DONG Energy),
the Liberty project (~ 280 ktyaw/a in lowa, USA by POET-
DSM), and the Sun Liquid project (250 ktg,/a in Romania by
Clariant). Thus, the majority of the projects using straw as a
feedstock aim to yield ethanol as a primary product [15-18].
One technical and economic bottlenecks for these activities is
the low robustness of the necessary enzymes and their high
costs expected to account for up to 30% of the overall straw
processing costs. Due to these technical and economic chal-
lenges, many companies (e.g., Albengoa in Kansas, USA;
BetaRenewables in Crescentino, Italy; DuPont in lowa,
USA) failed in the past [15, 16]. Only one company (Verbio
AG, Germany) operates under economic aspects successfully
one plant for the provision of biogas from straw at the scale of
40 kty.w/a; three similar plants are under construction [19].
One reason for this success of a biogas production compared
with ethanol provision is that the overall conversion process to
provide biogas is relatively simple and robust [20].
Additionally, biogas fermentation based on straw allows clos-
ing the nutrient and humus cycle in agriculture (i.e., advantages
for the farmer). Taking sustainability criteria into consider-
ation, this is important, because beside the nutrient content, a
main factor defining soil quality is the organic carbon content
respectively the humus content within the fertile topsoil [21].

Additionally, typical practice used still in some areas to get
rid of the straw after harvest is the uncontrolled incineration on
the agricultural field. While inorganic components stay on the
agricultural field with that behavior (i.e., the ash remains on
the soil), significant amounts of greenhouse gas (GHG) emis-
sions, volatile organic compounds (VOC), and particulate
matter (PM) as well as other airborne emissions are produced,
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and the soil is deprived of valuable organic carbon [22]. Such
a practice can also have the consequence of a reduction of up
to 70% organic carbon content within the topsoil [23].
Additionally, some of the nutrients contained within the straw
are transferred into the gas phase during combustion i.e., they
are lost for the respective agricultural area (this have to be
compensated by other measures like the use of mineral fertil-
izer). This illustrates the need for soil quality management
practices for straw to prevent degradation of arable land [6].
For example, the return of the anaerobically treated digestate
to the field as organic fertilizer increases the organic carbon
content in the topsoil and contributes to closing nutrient cy-
cles. Because within a biogas plant, only carbon, oxygen, and
hydrogen are removed from the biogas substrate, all nutrients
and trace elements originally contained within the straw are
recycled back to the field after biogas production.

When exposed to the environment on the field, lignin de-
grades considerably slower than other organic components
straw consists of (e.g., cellulose, hemicellulose). Thus, lignin
is typically the main component contributing to soil stability
and to the humus content [24, 25]. This explains why straw,
containing about 12 to 20% lignin, used as an organic fertilizer
could enhance topsoil quality by helping to increase soil or-
ganic matter, microbial diversity, and crop yield [22, 26, 27]
as well as water-use efficiency (due to increased soil porosity)
when applied with appropriate tillage [28]. Hence, polysac-
charides, contained inside the straw and degrading within the
topsoil anyway within relative short time frames, could be
used for biogas production instead, without reducing the pos-
itive effects of a straw usage on the agricultural land consid-
erably. This is of course only true if the digestate from straw-
based biogas plants is recycled to the respective field of pro-
duction; this should be possible because from the point of
view of the biogas operator, there is a need to get rid of this
digested material. Furthermore, there is the advantage for
farmers of additional revenue from straw and that the lignin-
rich fermentation residues can still be returned to the agricul-
tural field respectively the topsoil for improved carbon/
microbial content [29, 30]. Therefore, biogas fermentation of
straw is most likely a more efficient and sustainable alternative
to conventional tillage of straw or other biofuel processing
concepts. This is especially true for areas where the straw is
still burned on the field.

Other studies have so far rather focused on one chosen
pretreatment concept out of the multitude of available tech-
nologies. This is either done experimentally or theoretically as
a techno-economical study. These concepts are often com-
pared with the conventional fermentation of manure and en-
ergy maize. However, the methods of calculation and used
feedstocks naturally differ between the present studies.
Hence, it is difficult to compare the findings of different pub-
lications in order to determine the most economically viable
pre-treatment for the case of straw. Therefore, it is the aim of
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this work to directly focus on the most promising pre-
treatment concepts, as will be deduced from literature in the
following, and evaluate the resulting electricity/heat produc-
tion cost.

2 Fundamentals

Below basics of biogas provision from straw are presented.
First, the expected biogas yields are discussed, and then, the
various processing steps are analyzed in detail.

2.1 Straw composition and biogas yield

Lignocellulosic biomass mainly constitutes the plant cell
walls. Thus, it is composed of three major components: 20
to 35%_pnm hemicellulose, 30 to 50%_py cellulose, and 12 to
25 %.pw lignin as well as 5 to 10% inorganics and other minor
components (e.g., proteins, resins/waxes, lipids, polyphenols)
[31-36]. The composition depends also on crop type, maturity
etc., as well as weather and storage conditions (Table 1) [49].

These components are bound in microscopic structures
forming single fibers that bundle together to form micro-fi-
brils, which in turn overlap on a macroscopic level in multiple
layers to form the plant cell wall [50, 51]. In each of these cell
wall layers, the components can exist in varying concentra-
tion, giving each layer different properties [52]. This inhomo-
geneous and tightly bound structure illustrates how nature
developed this material for its purpose of maximum durability

and resilience. It also shows why it is energy intensive to
degrade such lignocellulosic material into its components for
an efficient biogas production.

Biogas is a gas mixture formed by anaerobic fermentation
of organic material by a complex microbial consortium. The
gas composition depends strongly on the substrate type and
process efficiency; typically, biogas consists of 50 to scarcely
60% of methane (CH,4) and 40 to 50% of carbon dioxide
(CO,), 2 to 7% of water vapor as well as some trace compo-
nents in strongly varying shares (e.g., hydrogen sulphide, am-
monia) [53]. Biomethane as the only energetically relevant
component has a calorific value of about 9.95 kWh/m® and a
density of 1.2 kg/m® under standard conditions [54].

The theoretical methane potential (7MP) can be calculated
based on the method of Buswell and Boyle [55]. Here the
molar elemental composition (C, H, O, N, S) of each feed-
stock component determines its individual methane yield,
which are in turn weighed according to their weight fractions
in the feedstock [55]. Although this assessment method leads
to good results for most types of feedstock for biogas produc-
tion, it considerably overestimates the biogas yield when eval-
uating lignocellulosic biomass like straw because lignin is
assumed to be fully fermentable by the various bacterial con-
sortia realizing the overall anaerobic fermentation, but in real-
ity, straw can only be degraded by some specific types of
fungi i.e., due to biological constraints, lignin cannot be an-
aerobically degraded [55, 56]. However, since lignin encases
the other fiber components like cellulose and hemicellulose, a
high lignin content results in a clearly reduced anaerobic

Table 1 Average of chemical

straw composition and biogas Unit Wheat Barley Maize Rice Soy

potential straw” straw” straw” straw! straw®
Dry matter (DM) Yo-rpe 917 88.8 90.9 92.4 91.1
Organic DM (oDM) %-py 932 94.1 94.4 87.1 94.8
Components
Cellulose %-py 418 41.3 39.8 35.1 435
Hemicellulose® Yo_pry 264 27.3 27.9 23.2 24.4
Lignin %-py 20.1 18.1 19.6 12.5 19.6
Protein %-py 3.5 4.5 3.7 7.0 44
Lipids/waxes Yo_prr 1.5 2.5 2.8 9.3 1.4
Ash Y%o-py 6.8 5.9 5.6 12.9 52
Nutrients®
P Yo_pyy 03 0.1 0.1 0.1 0.1
Mg Yo_pyr 0.1 0.1 0.2 0.3 0.2
K Yo_pyy 1.3 0.8 1.3 1.8 0.4
Ca Yo-pyy 03 04 0.9 0.3 0.5
Theoretical methane m3/tos 325 340 349 392 339

potential

4[31, 37-40]; ® [31, 39]; © [31, 41-43]; ¢ [31, 43-45], price from [46]; ¢ [31, 47]; “Content of all sugars except
glucose as well as organic acids (usually < 3%-DM) are considered as part of the hemicellulose structure for
simplification; € nutrient compositions are according to [37, 48]; b according equation (2.2)
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degradability of other components straw consists of as well.
Furthermore, ash components like silica (varying contents of
40-80%_,s1, dependent on straw type, farming, and weather
conditions) can reduce the experimental biogas yield due to
buffering effects or an increase in cell wall mechanical stabil-
ity. Therefore, only the experimentally assessed methane po-
tential gives reliable values of the given anaerobic digestibility
(e.g., batch fermentation test for 30 days at ~ 38 °C, according
to VDI guideline 4630).

The anaerobic biodegradability (BD) of a substrate or the
individual substrate components is defined as the ratio of the
experimental methane potential (EMP in Nm®/tos) and the
theoretical methane potential (TMP in Nm® /tos) according to
equation (2.1) [57]. Hence, the theoretical methane potential is
calculated based on the composition of the organic compo-
nents (weight fractions w; of proteins (PR), lipids (LP), cellu-
lose (CL), and hemicellulose (HC) in the dry matter), accord-
ing to equation (2.2) (based on equation by Buswell and Boyle
for molar methane potential, individually calculated for each
component). There, 100% individual molar methane yield Y;
(mol CH4/mol;) and molar mass M, (g;/mol;) of each biomass
component (except lignin) are assumed. The molar volume of
ideal gas vy, is 22.4 Nm?®/kmol. Numbers are resulting
weight-specific methane yields (Nm>/t;) of the biodegradable
biomass components.

EMP

BD="""
TMP

TMP = (Y ppM prwer + YipMipwip

+ YoM awer + YucMHcWaC) * Vaas
= 508 Wpr + 1008 wrp + 415 wer + 424 Wyc

For untreated straw, usually 50 to 60% of the organic solids
can be degraded corresponding to an anaerobic biodegradabil-
ity (BD) of the fermentable organic solids (mainly structural
carbohydrates) of 0.66 to 0.78 [57, 58]. The chemical compo-
sition of different straw varieties and their theoretical methane
potential shows strong similarities; only rice straw differs sig-
nificantly (Table 1) due to ca. 35% lower lignin and a higher
protein, lipid, and ash content compared with e.g., wheat
Straw.

2.2 Process technology of straw fermentation

Below, the current state of technology for a biogas provision
from straw is reviewed.

2.2.1 Feedstock logistics
During harvesting, the straw is usually pressed to round or

rectangular bales to facilitate transport and storage [59]. The
larger scale and therefore higher overall feedstock demand of
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straw-based biogas plants, compared with “classical” agricul-
tural processing, enforce straw provision concepts to be tai-
lored to local conditions and availability considering the stor-
age necessity. Here, a radius of approximately 50 to 100 km is
often considered reasonable transport distances [13]. Storage
is realized typically in a decentralized way on the agricultural
field and/or on the various farm premises. After transporting
the bales to the location of the biogas plant, they are shredded
into chaffs of about 10 to 30 cm in order to pre-soak the
material [59].

2.2.2 Pretreatment

The fermentation of straw to biogas is challenging due to its
resilient structure that impairs a good accessibility for the
degrading bacteria groups [60]. Hence, a pretreatment is need-
ed to liberate the anaerobically digestible compounds from
their stable molecular network [53]. Such an un-locking can
be realized by dissolving hemicellulose and/or altering the
lignin structure. There are numerous approaches of such pre-
treatment processes. Therefore, within this assessment, a focus
is put on aqueous processes (in contrast to solvents or ionic
liquids) due to their relative high technology readiness level
(TRL) and/or simple and proven operation scheme [61, 62].
Such pretreatment processes can be classified as

* physical processes (e.g., milling, cavitation, and
irradiation),

» thermal processes (e.g., hydrothermal, steam explosion),

» chemical processes (e.g., acid or alkaline treatment, organ-
ic solvents) and

» Dbiological processes (e.g., bacteria, fungi, enzymes)

as well as combinations thereof.

Organic solvents are often inhibiting anaerobic bacterial
consortia; thus, treatments with organic solvents are not suit-
able for straw fermentation in most cases [63—65]. Therefore,
this option is not addressed in detail here.

A biological treatment is e.g., performed by fungi or lactic
acid bacteria; such a biological treatment usually takes several
weeks (biological processes are typically slow); furthermore,
it is characterized by low yields and a higher biodegradability
of the substrate afterwards (i.e., a reduced storage capability).
While such biological treatments show the advantage of a
low-energy or auxiliary material demand, the necessary resi-
dence time is at least 4 to 6 weeks [54], and the treatment is
characterized by mass losses of 12 to 20%-py, in average [66,
67]. Therefore, biological treatments of straw are rarely ap-
plied taken the given commercial constraints into consider-
ation. Thus, such approaches are not considered in detail here.

Based on these restrictions, only a small selection of pre-
treatment options remains that are considered beneficial for
industrial straw fermentations to biogas—in terms of
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simplicity of operation and characterized by a technology
readiness level (TRL) above 5.

Mechanical pretreatment A size reduction of the harvested
straw allows achieving higher surface area in order to lower
potential mass transfer resistances. Common milling equip-
ment for herbaceous biomass includes (wet/dry) cutting or
(dry) hammer mills [61]. Non-treated, chopped straw (size
length 10 to 30 mm) generates about 120 to 200 m® CHy/tos
[68]. If straw is cut to an average of 2 to 5 mm [69—71] or even
further down to 0.5 to 2 mm, the methane yield could further
be increased up to 250 to 290 m> CHy/tos [68]. Thus, the
particle size has a significant impact on the methane formation
potential of straw. This is especially true for particle sizes
below 5 mm. All over, such a simple mechanical treatment
helps to increase the methane potential from ca. 120 Nm®
CHy/tos at 20 to 30 mm particle size to ca. 250 Nm® CHy/
tog at 0.5 to 1 mm particle size (Fig. 1) [38, 70, 72—75]. This
corresponds to a biodegradability of 46 to 75%-OS.

Despite normalization of the experimental results accord-
ing to the guideline VDI 4630, significant deviations of the
resulting methane potentials can occur. This might have nu-
merous reasons (e.g., varying straw composition, thermal
straw degradation during milling, varying activity of the
inoculum).

Pretreatment with acids or base A barrier preventing the
achievement of high biogas yields is the formation of degra-
dation products from lignin or sugars during the pretreatment
[26, 40, 63, 64, 76, 77]. On the one hand side, the sugar

O Gallegos 2017 (wheat straw)
Ferreira 2014 (wheat straw)
¢ Bauer 2009 (wheat straw)
Regression x?

degradation (e.g., to furfural or acetic acid) directly decreases
the biogas yield. On the other side, the degradation products
can further interact within complex reaction mechanisms ac-
celerating further sugar degradation and form insoluble resi-
dues precipitating as so called humins [78, 79]; these compo-
nents might inhibit microbial metabolism and thus reduce the
biogas formation potential. Additionally, the condensation of
lignin can lead to decreased cellulose accessibility [50, 80, 81]
or non-productive binding of enzymes/bacteria on the lignin
surface [82, 83]. Such sugar-derived degradation inhibitors
are especially formed at high temperatures (i.e., above 170
to 200 °C) and low pH values (i.e., below pH~5) [84].

The severity of various chemical pretreatments can be eval-
uated by means of the so called “severity factor” R, (equation
(2.3)). This factor combines temperature “7” and time “f’
empirically into one single parameter. Beside this, also the
pH effect can be included into such a characterizing factor
then called R," (equation (2.4)) [85]. Within this publication,
the latter definition is used, although the initial pH of steam
explosion treatment is 7.

T(t)—100
log;y(Ro) = log, (f exp <(13‘75>>

log,o (R, ) = logy(Ro) + |pH-7|

(2.3)

(2.4)

Depending on the treatment type, the optimal severity fac-
tor for a pretreatment of straw varies, e.g. values of log;o(Ro) =
3.5...4.2 for steam explosion or logIO(RO") =7...8 for alkaline
treatments, is recommended in literature [86—90]. Below that,

A Nges 2016 (miscanthus)

O Menardo 2012 (wheat straw)
X  Sharma 1988 (wheat straw)
t-confidence (o =1 %)

300

(Nm3/t 0S)
N N
S o
1S 1<)

[N
w
o

Methane potential

100

0 5 10

15 20 25 30

Particle diameter (mm)

Fig. 1 Correlation particle diameter after mechanical treatment of straw
with literature data of experimental methane potential (the model line is
based on a second order polynomial regression by minimizing error

squares. The confidence interval is calculated using a student ¢
distribution with a 1% error probability (n = 21)
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range straw is assumed not to be sufficiently treated to be
accessible for an anaerobic treatment. Above these values,
the yield of saccharides and subsequent the overall gas yield
from anaerobic fermentation decreases due to sugar degrada-
tion. For example, at a pH value of 7, this refers to tempera-
tures of 180 to 200 °C and residence times of 0.2 to 2 h
(shorter times for higher temperatures) [91].

*  Acid treatments with dilute inorganic acid (mainly sulphuric)
is already well implemented in industry for the hydrolysis of
corn stover at concentrations of 10 to 30 g,.a/kgpy and
temperatures of 150 to 170 °C for 5 to 15 min [87, 92, 93].
Organic acids (carbonic / acetic acid) are also good alterna-
tives, since they are easier to recover and to recycle. A major
disadvantage of the process however is the high inhibitor
formation due to sugar degradation.

* Alkaline treatments (e.g., with NaOH) partly solubilize
lignin increasing fiber accessibility for the anaerobic bac-
teria groups [86]. Even ambient impregnation (e.g., with
6% NaOH over 3 weeks) can increase the biogas potential
by 27 to 65 %, see overview of literature data (Fig. 2). This
corresponds to a methane yield of 240 to 275 Nm® CH,/
tos and a biodegradability of optimally 85% at a pretreat-
ment severity around RS = 8. Alkaline pretreatments
show high glucose yields while maintaining low inhibitor
formation. In the context of biogas production, particular-
ly, the ammonia treatment should be mentioned, since
ammonia is formed by mineralization of proteins during
fermentation [94]. Furthermore, the recovery of ammonia
by carrier steam distillation is well established for
digestate from biogas fermentation [95].

X Moset 2018 (Wheat straw/NaOH)
A Song 2013 (Rice Straw/CaOH)
O Pang 2008 (Corn stover/NaOH)

Regression x?

<& Dehgani 2015 (Rice straw/Na2C03)
Zhu 2010 (Corn Stover/NaOH)
X  He 2008 (Rice straw/NaOH)

t-confidence (a =1 %)

350 -
5 ]
as ]
£ ]
o . ]
g 250 S o s
£ 2 1
£z ]
2 4
2 200 1
150 .
6 7 8 9 10

Severity factor, log (Ry") (-)

Fig. 2 Methane potential of wheat straw treated by low temperature
alkaline treatments (alkaline impregnation) at varying degrees of
severity (the model line is based on a second order polynomial
regression by minimizing error squares). The confidence interval is
calculated using a student ¢ distribution with a 1% error probability (n =
14). Boundary condition was set for the y-intercept at 140 Nm*/t-OS at R,
= 0, because this was the minimum achieved methane yield without any
treatment
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Pretreatment with heat Hydrothermal (also auto-hydrolysis
or liquid-hot-water) pretreatment operates with pressurized
water e.g., in a stirred tank or fixed bed, for 10 to 60 min at
190 to 210 °C [89, 96]. This pretreatment option mainly sol-
ubilizes hemicellulose to increase fiber porosity. It was shown
to have the advantage of lower inhibitor formation compared
with steam explosion while it suffers from lower solid/liquid
ratio (and product concentrations) which in turn increases the
demand for heat energy [97]. Therefore, the scalability of this
pretreatment option is questionable.

Steam explosion pretreatment usually soaks the mate-
rial for a short time in steam (e.g., 5 to 15 min at 190
to 220 °C) and quickly depressurizes to evaporate water
inside the fiber structure. Therefore, it also combines
physical cavitation with thermal effects; sometimes,
even chemical acid/base effects are integrated by adding
the respective chemical compounds to the process
steam. Thereby, cellulose crystallinity is decreased. At
optimal conditions, the treatment shows an increase of
the methane potential of straw by 43% (from 327 to
467 Nm® CHu/tos) [98]. However, steam explosion is
also often described to have a considerable formation
of sugar-derived degradation products that inhibit
fermentation.

One disadvantage of such a pretreatment is the high-energy
demand for water heating or evaporation [65]. Therefore, pro-
cesses employing low liquid/solid ratios (L/S), like steam ex-
plosion or alkali impregnation (L/S = 3...4), are favored in
terms of lower energy demand for heating compared with
e.g., liquid-hot-water treatments (L/S = §...10).

Ferreira et al. [74] reported that a size reduction to 10 to
50 mm was sufficient prior to steam pretreatment to achieve
good methane yields. Similar to the mechanical treatment, the
fluctuation of results is very high (furthermore, due to varying

¢ Theuretzbacher 2015 (Wheat straw) A Ferreira 2013 (Wheat straw)
X  Vivekanand 2012 (rape straw) O Bauer 2009 (Wheat staw)
Regression x? t-confidence (a =1 %)

350

w
[=3
o

N
%
o

Methane potential
(Nm? / t-0S)

N
(=3
o

150

Severity factor, log (R,) (-)

Fig. 3 Methane potential of wheat straw was treated by steam explosion
at varying degrees of severity (the model line is based on a second order
polynomial regression by minimizing error squares). The confidence
interval is calculated using a student ¢ distribution with a 1% error
probability (» = 12). Boundary condition was set for the y-intercept at
140 Nm>*/t-OS at R = 0, because this was the minimum achieved meth-
ane yield without any treatment
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initial particle sizes of 5 to 30 mm among publications).
Methane yields of 210 to 300 Nm® CHy/tos can be achieved.
However, an optimal pretreatment severity factor seems to be
between logo(Rp) = 3.2 (170 °C; 15 min) and 3.6 (200 °C; 5
min) (Fig. 3), which results in the highest methane yield of all
pretreatments of 300 Nm® CH,/tog or 90% biodegradability
[38, 40, 74, 99].

2.2.3 Fermentation

After pretreatment, the solid substrate is most commonly fed
to the anaerobic fermenter by a screw feeding system [100].
Among the main influencing parameters for the processing
performance are the feed’s C:N ratio and the fermenter pH
value [54, 55]. A nitrogen recycle is necessary for anaerobic
straw fermentation to achieve sufficient nitrogen supply for
the bacteria consortia and to increase the buffer capacity [55]
i.e., the liquid fraction containing high amounts of ammonia
nitrogen should be recycled within the overall process [29].
Therefore, only wet fermentation makes sense for straw as an
input substrate.

Beside these aspects, the fermenter design is not consider-
ably different from the conventional biogas fermenter de-
signed e.g., for the conventional digestion of animal manure
with whole crop silage. Therefore, typically continuous stirred
tank reactors are used for such type of feedstock. Additionally,
this fermenter technology is easily scalable.

Most widely, a mesophilic fermentation at around 40
°C is realized. For most applications, this represents a
good compromise between the necessary energy demand
and the achievable biogas yield. Additionally, these
temperatures can easily be handled technically.

Furthermore, 9 1<gos/(m3reactOr d) solids loading in plants
based on corn silage and average biogas production of 700
Nm®/h raw biogas can be achieved (according to average pro-
ductivities of single stage systems [100]) [53, 55, 101].

2.2.4 Digestate treatment

The fermentation residue (or digestate) is a complex suspen-
sion of organic and inorganic residues, dissolved side-
products of the fermentation and microbial biomass.

At the fermenter outlet, the digestate can be separated
into digested solids (to be utilized e.g., as organic fertil-
izer) and the remaining liquid (to be recycled to the feed
in order to save process water) [11]. This practice was
shown to be the most cost-effective treatment taking the
transportation efforts of the input material from the field
to the plant and vice versa into consideration (48 to 58%
lower specific processing costs than other alternatives)
[29]. Alternatively, drying and pelletization of the solids
allow for the use in other applications (e.g., as animal
bedding [29, 98] or fiberboard additive [102—104]).

The solids from the digestate slurry are commonly sep-
arated by means of a screw press (energy consumption of
0.5 kWh/m® digestate slurry) [98]. Based on this, solid
contents of ~ 20% fresh mass (FM) are achieved in the
solid residue after separation. Based on the overall
digestate slurry composition, in average, about 75% of
phosphorus, 30% of total nitrogen, and 12.5% of potassi-
um can be recovered in the solid fraction [29, 30].
Through the application of these digestate components,
the use of synthetic mineral fertilizers can be reduced
[100]. Therefore, they are typically used as a soil
conditioner/improver with a fertilizing effect in agricul-
ture [105, 106].

2.2.5 Cleaning of raw biogas

Raw biogas coming from the fermenter needs to be
cleaned to prevent material corrosion in the CHP plant.
Desulphurization (i.e., mainly H,S removal) can be re-
alized by aerobic bacteria providing elemental sulphur
as a by-product [100]. Drying of the water saturated
biogas is realized after desulphurization and is mostly
done by adsorption (e.g., with silica gel or molecular
sieves in a fixed-bed). The adsorbing material needs to
be regularly regenerated e.g., with waste heat from a
CHP unit operated by the provided biogas [67].

This cleaned biogas can directly be converted into
electricity by means of a combined heat and power
generation plant (CHP). The respective conversion effi-
ciency varies depending on the size of the plant; typi-
cally, the electrical efficiency is between 38 and 47%
and the thermal efficiency is between 42 and 50 %. The
provided heat can be used for district heat supply and
for covering the heat demand of the biogas plant (see
above) [11].

In large-scale industrial biogas plants with a raw bio-
gas production above roughly 2 000 Nm®/h, the invest-
ment in a treatment plant to upgrade biogas to
biomethane for the subsequent injection into the natural
gas grid might be a valid option. Such a purification for
the provision of clean biomethane can be realized by a
scrubbing process. Such a scrubbing (also washing /
absorption) of CO, from the biogas can be realized
either by means of MEA (monoethylamin, also chemical
absorption) or by pressurized water or organic solvents
(e.g., polyglycol) (also physical absorption). Before the
subsequent injection into the gas grid, the purified
biomethane (> 95 vol.-%) needs to be conditioned to
guarantee that the given standards are fulfilled. This is
true for odorization, heating value adjustment (10.5 to
13.0 kWh/Nm3), and pressurization (40 to 120 bar). The
exact requirements vary, depending on local policies.
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3 Methods

For the comparison of different pretreatment options for an-
aerobic digestion of straw suitable, indicators need to be de-
fined. This is discussed in detail below.

3.1 Technical assessment

The net electricity/net heat demand (NED/NHD) is defined as
the sum of the overall electricity (AE;) or heat demand (AH,) of
all processing steps (e.g., pretreatment, fermentation, gas
cleaning, digestate separation) divided by the installed electri-
cal or thermal capacity (equation (3.1) and (3.2)). The electri-
cal or thermal capacity C,;, is the product of the total installed
capacity, the theoretical full load hours (FLH), and the respec-
tive electrical/thermal efficiency 7,; or 7, of the CHP (equa-
tion (3.3)). TIC is the total installed capacity.

Y(AE;)
NED = ——~— /2 3.1
FLH - TIC - 7, Gl
NHD — _ 2i(AHy) (3.2)
FLH - TIC - 7,
Cetym = FLH - TIC - 1)y (3.3)

The net electricity/heat production (NEP/NHP) is defined
as the electricity/heat production after subtracting the own
electricity/heat demand (equation (3.4) and (3.5)). These are
summarized in the net energy supply (NES) (3.6).

NEP = 1-NED (3.4)
NHP = 1-NHD (3.5)
NES = NEP + NHP (3.6)

The total installed capacity (TIC in GWh/a) is defined as
the biodegradability (BD) of the total annual methane produc-
tion (TMP) from the substrate mass flow mg (in terms of
higher heating value of methane HHV ,¢hane) (€quation (3.7)).

TIC = BD TMP mg HHV pegane (3.7)

3.2 Economic assessment

For the economic assessment, the leveled cost of electricity
(LCOE in €-ct/kWh) is calculated. Therefore, the yearly pro-
cessing costs (S;) of all process steps (raw material supply,
pretreatment, fermentation, and digestate treatment with indi-
ces R, P, F, and D, respectively) are subtracted by the reve-
nues (R;) for digestate (D) and heat (H) provision (equation
(3.8)). C,, is the electrical capacity and NED is net electricity
demand of the overall biogas plant.
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(Sk+Sp+Sr+Sp—(Rp+Ru))

LCOE =
C. (1-NED)

(3.8)

The costs of the respective process step needed for the
calculation of the yearly processing costs are calculated based
on the annuity method (with an annuity factor a at an interest
rate 7, a technical lifetime ¢, and a price change factor b at a
price inflation rate p). Equation (3.9) shows exemplarily the
calculation of the annual processing costs for the pretreatment
type “P”. Acapital 1S the annual share of the capital expenditure
and Apgv 1s the annuity for cost of operation and mainte-
nance. The annuity for capital expenditure (Acapital) is calcu-
lated based on the sum of purchased equipment cost (PEC) for
the respective processing steps (e.g., feedstock supply, pre-
treatment, fermentation, gas cleaning, and digestate treatment,
equation (3.10)).

Sp = Acapital,p + Aogm,p (3.9)
) CEPCl15
AcapitalﬁP = CT1CI ijl (PECPﬁyear,j : atm ) (310)
_ i(1+1)
Wlth Ariyrin years — m
Aoemp = (Cuaborp + Cuiliies,p) @ - b (3.11)

S 1)

+ co&m - Acapital,P ~bwithb = 7
The equipment cost (PEC) is corrected by several factors to

result in the annuity for capital-bound cost (equation (3.9)).

»  Unit specific cost correlations from literature [107-110]
are normalized to the base year 2018 by means of the
Chemical Engineering Plant Cost Index (CEPCI) and the
respective US-$ to € exchange rate (1.18 $/€ in 2018).

» The simplified total-capital-investment constant (ctc; =
1.75) accounts for direct (e.g., 4.5% piping, 15% buildings
etc.) and indirect cost (e.g., 10% contingency, supervision,
construction expenses etc.) [93].

The annuity for cost of operation and maintenance (Apgn)
is based on the cost of labor (Cy,p,,) and the costs of utilities
(Cutilities) (i.e., demand for energy, chemicals etc.).
Furthermore, 4% of the capital cost are added to account for
maintenance cost (Cogn = 0.04) (equation (3.10)) [107-110].

4 Analyzed concepts

The overall concept of a straw fermentation with different
pretreatment options evaluated here is described below.
Such a straw-based biogas plant consists of the various com-
ponents outlined in the “Process technology of straw
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fermentation” section. The overall concept assumed here is
shown in Fig. 4. Although there are technological solutions
for many aspects like digestate and gas treatment available on
the market, the optimum pretreatment technology for straw in
terms of technological and economic aspects embedded with-
in a mature overall concept is yet to be found. Thus, here only
the three cases outlined above—as possible options for the
pretreatment of the challenging feedstock straw—are investi-
gated in detail. Therefore, the process step logistics/
conditioning remain unchanged in all variants assessed here.
The adjustment of the straw fermentation, the biogas process-
ing, and the post treatment to the pretreatment output to ensure
comparable processes for a fair comparative assessment is
discussed in detail below.

4.1 Definition case studies

The overarching goal is to assess three pretreatment options
related to technological and economic aspects. Based on the
assessment outlined above, the mechanical treatment (i.e.,
hammer milling; HM), steam explosion (SE), and alkali im-
pregnation (Al) have been selected for that (Table 2).

Except the varying pretreatment equipment, all case studies
consist of the simplified setup of a hammer mill, fermenter,
digestate storage/separation, and CHP plant (Fig. 4).
Additionally, four plant size classes are defined based on the
installed electrical capacity (i.e., 0.5/1.0/2.5/5.0 MW,
corresponding to the feed mass flow outlined in Table 3).
These size ranges may seem small from a chemical industry’s
perspective but were found optimal for straw logistics cost,
operation of the plants close to the agricultural fields, or by
farmers themselves and in order to achieve a decentralized

Humus fertilizer,
. eparation soil conditioner
Straw fermentation

electricity production. Furthermore, the largest size corre-
sponds to the plant size of Verbio AG, as mentioned in the
“Introduction” section. The size classes are the basis for the
equipment cost calculation according to the basics outlined in
the “Economic assessment” section. Thus, the feed flow is
independent of the pretreatment and the process output based
on the same amount of feedstock can be compared with each
other.

For all cases, 400 kg/m® packing density of the wet straw is
assumed. The reactor volume for the cases steam explosion
and alkali impregnation is calculated by dividing the average
hydraulic residence time by the wet volume flow based on a
liquid to solid-ratio of 4. For all scenarios, a milling to at least
30 mm is proposed to increase the available surface area, as is
common in the abovementioned literature, see Table 2. The
initial straw fiber size after harvest, transport, and shredding
(Fig. 4) is assumed to be 20 cm. This fiber size is used to
evaluate the energy demand of the milling process to the target
particle sizes.

4.1.1 Hammer milling

Purely mechanical pretreatment by means of a hammer mill is
selected as the simplest option in terms of process operation
and design. To achieve good performance, the particle size of
the straw is assumed to be reduced from a length of roughly
20 cm to an median particle size of 1 mm.

* The specific electricity demand (SEDyy,, in kWh/t-DM) of
milling the 20 cm straw chaffs with a defined moisture
content (MC = 7 ...30 %) to the target particle size (Dp
=0.5 ... 30 mm) is calculated based on equation (4.1) (re-

Table 2 Scenarios to evaluate

selected pretreatment options and Scenario  Pretreatment Particle size ~ Temperature ~ Time pH BD

their conditions Index Type (mm) ©) Min) ) %
HM Hammer milling 1 - - - 74
SE Steam explosion 30 200 15 7 92
Al Alkali impregnation (100 kgaai/tsiaw) 30 80 600 14 88
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Table3 Feed mass flows and CHP efficiencies for the different biogas specific electricity demand of the milling sums up
plant sizes to 3 kWh/tpy.

Process step Unit Plant size MWy Source ® The investment costs of the hlgh pressure autoclave

05 10 25 50

top/h 048 091 2.03 410 -
0.40 042 047 [107,111]
0.47 043 042 [107,111]

Feed mass flow straw
Electrical efficiency - 0.37
Thermal efficiency - 0.52

evaluated data for wheat/corn straw from [59, 112]. This
regression is based on the Bond-equation (increase of sur-
face area correlates with the energy demand, which leads
to an inverse squared approach) for electricity demand of
milling in dependence of the created surface area [113]. A
1% confidence interval was used, achieving a R’ = 0.71).

SEDym(MC = 10%; Dp = 1 mm) = 4.3 MC - D> = 43 kWh/tpy (4.1)

* In order to account for the stronger size reduction of the
straw particles for the case hammer milling (HM) com-
pared with steam explosion (case SE) and alkali impreg-
nation (case Al) (Table 2) resulting in a higher residence
time of the solids and a stronger abrasion, it is assumed
that three identical mills are utilized consecutively. This
has the consequence that the mills are still comparable,
and their cost is reflected in the purchased equipment cost
(PEC).

According to the “Pretreatment” section, the biomethane
potential of this case study is assumed to be 240 Nm®/tog
corresponding to a biodegradability of 74% (Table 2).

4.1.2 Steam explosion

Thermal treatment without adding any chemicals is de-
fined as another option to be assessed here, although en-
ergy demand is expected to be comparatively high for this
high temperature treatment. Additionally, the high pres-
sure of up to 20 bar could result in high investment cost.
Nevertheless, these high requirement related to the treat-
ment reactor technology are counteracted by a compara-
tively low reactor volume due to a low residence time (15
min).

* A moderate milling to a median particle size of
30 mm is assumed, using equation (4.1). The

@ Springer

are estimated by a cost-correlation including an agi-
tator and reactor heating. The calculation is valid up
to 30 bar. According to this correlation, the maxi-
mum volume of the high pressure reactors is limited
to 8 m> [112]

» For the high pressure reactor, a filling ratio of 50 vol.-%
was assigned to achieve sufficient mixing. Furthermore, a
30-min interval each for cleaning/filling/emptying of the
batch process is assumed [112].

According to the ‘“Pretreatment” section, the biomethane
potential is assumed to be 300 Nm?/tos. This corresponds to
a biodegradability of 92% (Table 2).

4.1.3 Alkaline impregnation

For this option, a pretreatment severity similar to steam explo-
sion (the section “Steam explosion”) is achieved by a resi-
dence time of 600 min and addition of chemicals (100
kgnaon/tswaw) at @ temperature level of 80 °C.

e The calculation method for the “specific electricity de-
mand of milling” (3 kWh/tpy) and “the reactor volume”
is the same as in the case steam explosion (the “Steam
explosion” section). However, according to the correla-
tion, the maximum volume of the ambient pressure reactor
is limited to 250 m> [112].

* The fermentation processes intrinsic buffer capacity
(mainly ammonia bicarbonate) can handle the addition
of chemicals from pretreatment. Therefore, wastewater
treatment due to chemical addition is neglected.

According to the “Pretreatment” section, the biomethane
potential is assumed to be 280 Nm®/tog corresponding to a
biodegradability of 88% (Table 2).

4.2 Economic assumptions

Below, basic assumptions for the economic assessment are
described (Table 4).

* Full load hours. Theoretical full load hours of 8 295 h/a are
assumed. This figure is justified by the average runtime
investigated within a survey of 61 biogas plants with CHP
plants [100].

» Technical lifetime. The plants technical lifetime is as-
sumed to be 20 years [67, 111, 114].

» Interest rate and inflation. The interest rate 7 has been set to
4% and the average price inflation rate p to 2%.
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Table 4 Overall Table 6  Assumed prices for straw, by-products, and utilities
financial assumptions Parameter Unit Value
Parameter Unit Value
Plant lifetime a 20
Availability h/a 8295 Nutrients value
Interest rate Yola 4 Phosphorous (P) €kgp 7.50
Average inflation rate %/a 2 Magnesium (Mg) €/kg mg 0.30
Base year - 2018 Potassium (K) €/kg.x 1.60
Calcium (Ca) €/kg ca 0.08
Nitrogen (N) €/kgn 0.85
) Humus-carbon €/kg.c 0.17
e Cost of labor (Cla;m,)..F or plant operation, 2000 h/a work Fumus carbon in lignin Tt 58
load (at 30.€/h) are estimated (Table 5). Furthermore, 25% Process heat high (T > 500 °C) €/kWhy, 0.06
for supervisory work and a surcharge for 15% for labora- Process heat low (T < 100 °C) €kWh, 0.03
tory services are added (based on the overall yearly cost of Sodium hydroxide ek 250

wages) [108]. Additionally, the respective pretreatment
processes are considered. Because of the different condi-
tions (corrosive media, high pressure etc. (Table 2)) and
apparatus (more reactors, tanks, pumps etc.), a higher
workload is taken into account for steam explosion (case
SE) and alkali impregnation (case Al).

Hammer milling is assumed to work continuously without
additional labor.

Steam explosion needs 4000 h/a additional working
hours.

Alkaline impregnation is assumed with 2000 h/a addition-
al workload.

Cost of energy. The energy cost (electricity and heat) for
the operation of the biogas plant itself is calculated as
7.9% of the electricity and 11.5% of the overall heat pro-
duction of the plant [100]. In this case, low-temperature
heat will be utilized.

The following assumptions are made for the calculation of
LCOE according to equation (3.8).

Revenues (R;). The revenues for digestate and heat
are calculated by mass and energy balances of the
overall system. The respective selling prices assumed
are shown in Table 6. Thus, the CHP unit provides

two temperature levels of exhaust heat. Half of the
exhaust heat is provided by the flue gas released by
the engine CHP at ca. 500 °C. For this heat flow,
revenues equivalent to the natural gas price are de-
fined as natural gas is considered a competing prod-
uct for providing such high temperature heat. The
remaining heat flow is low temperature excess heat
(< 100 °C) to be feed into a small district heating
system. As a conservative estimate for the respective
revenues, half of the natural gas price is assumed
here as a reference, since a high demand for low
temperature heat is only anticipated during winter.
However, some of the excess heat is being used by
the fermenter or the assessed pretreatment options for
heating purpose (equation (3.2)).

Cost of raw materials (S). The transport distance
(Lsuppty in km) of straw to the biogas plant is calcu-
lated assuming a wheat yield of 4.4 t/(ha a) (average
within the EU 2017) [115], a grain/straw ratio of 1
[10] and a ratio of agricultural land per total land
area of 40%. A simplified correlation can be used
to calculate the respective straw supply costs in
€/tpm (equation (4.2)) [116]. Additionally, a roundtrip
including a digestate transport back to the field is
included.

Table 5  Process specific workload per year Table 7 Process specific module factors

Scenario Pretreatment Work hours Scenario Pretreatment Module

Index Type Hours/year Index Type Factor
Fermentation/CHP 2000 Fermentation/CHP 1.0

HM Hammer milling - HM Hammer milling 1.7

SE Steam explosion 4000 SE Steam explosion 3.0

Al Alkali impregnation 2000 Al Alkali impregnation 1.5
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Table 8 Assumed cost and
efficiencies of fermentation, CHP,
and digestate separation units

Parameter Unit Plant size (MW,)) Source
0.5 1.0 2.5 5.0

Feed mass flow straw tom/h 0.48 091 2.03 4.10 -

Average transport distance km 4.7 7.2 9.7 13.3 -

Supply cost of straw €/tpm 41 43 45 48 -

Fermentation investment €/kW 2600 2560 2400 2100 [114, 117]

CHP investment €/kW¢ 1000 800 520 500 [107, 111]

Electrical efficiency - 0.37 0.40 0.42 0.47 [107, 111]

Thermal efficiency - 0.52 0.47 0.43 0.42

Digestate treatment cost €/m’ 2.1 24 2.7 32 [29]

Sr =372+ 1.58 Loy (4.2)

*  Cost of pretreatment (Sp). The equipment costs are
calculated by the cost curve method of the main
reactor units according to the equipment size (e.g.,
t/h for mills and m® for reactors) and the required
material [108, 110]. These so-called “bare-module
costs” are multiplied by a Module Factor (Table 7)
to account for peripherals of these systems, resulting
in the purchased equipment cost (PEC in equation
(3.9)). The differences between the Module Factors
arise mainly in order to take into account the harsh
conditions in the cost of the materials (i.e., stainless
steel for corrosive media vs. carbon steel, high pres-
sures etc.) [108, 110].

* Cost of fermentation and CHP (Sz). Investment cost for
the fermenter and the CHP plant as well as electrical/
thermal efficiencies depend on the biogas plant size.
Table 8 shows the values assumed here.

» Cost of digestate treatment (Sp). A separation of digested
straw fibers (DM = 20%-FM) from the liquid phase is
assumed to be realized. The separated process water is
recycled within the overall biogas plant. The outflow vol-
ume of the fermenter is estimated based on the assumption
of 5% dry matter content within the fermenter. The cost of
digestate processing by means of a decanter centrifuge are
estimated with respect to the transport distance according
to Table 8 [29] due to the trade-off of digestate treatment
and transportation cost. Further digestate treatments (i.e.,
reduction of moisture and weight) are only economic rea-
sonable for transport distances larger than 40 km, which
do not occur for the chosen plant sizes [29]. Fertilizer
values of 7.50 €/kg P, 0.30 €/kg Mg, 1.60 €/kg K, 0.08
€/kg Ca, and 0.85 €/kg N are assumed. A carbon value of
0.17 €/kg humus-C is assigned, where only lignin in the
digestate is considered stable humus material and a carbon
content of 58 wt-%-lignin is assumed [118, 119].
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5 Evaluation of results

This chapter compares the described pretreatment concepts in
terms of the technical and economic assessment outlined in
the “Methods” section.

5.1 Technical assessment

Figure 5 shows the results regarding the gross installed capac-
ity (IC) and the energy supply (net electricity production
(NEP) plus net heat production (NHP)) for the different pre-
treatment cases. Here the term “installed capacity” (IC) refers
to the sum of the capacities C,; and Cy;, according to equation
(3.3). Additionally, Fig. 6 compares the parameters net elec-
tricity demand (NED) and net heat demand (NHD) of the
different pretreatment cases (for an overview of all cases see
Table 11 to Table 13). Below, the results are discussed in
detail.

In order to identify the parameters most widely influencing
the leveled cost of electricity (LCOE), additionally, a sensitiv-
ity analysis is conducted. Therefore, the following parameters

B Electrical B Thermal T>100°C K Thermal T<100°C

45
40
35
30
25
20
15
10

GWh/a)

(105 kWh/a

Ic | NES

Installed capacity/net energy supply

Alkali
Impregnation

Steam
explosion

Hammer
milling

Fig. 5 Comparison of pretreatment scenarios by installed capacity (IC)
and net energy supply (NES sum of NEP and NHP) for a plant size of 2.5
MW
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Fig. 6 Comparison of pretreatment scenarios by own energy demand
(OED, sum of thermal, and electrical energy demands) of the process
for a plant size of 2.5 MW

are varied. The plant size selected for this sensitivity analysis
is 2.5 MW.

* Biodegradability (BD). In order to take into account pos-
sible inconstancies in the raw material and the condition-
ing directly affecting the methane provision potential, the
biodegradability (BD) values are varied from —20 to + 8%
of their base values according to Table 2 — as, with 100%
biodegradability (BD), a theoretical maximum is reached.

* Availability. A parameter with a high uncertainty is ex-
pected to be the full load hours (FLH), since the theoretical
full load hours (FLH) of 8295 h/a are assumed as an av-
erage runtime of 61 biogas plants (the “Economic assump-
tions” section). Actual hours of operation depend on a
variety of factors and can vary widely over the year.
Therefore, a fluctuation of — 25% and + 5% is investigat-
ed, as 8710 h/a is assumed as the maximum achievable
availability.

5.1.1 Hammer milling

The scenario hammer milling (HM) (i.e., only a mechanical
pretreatment) uses 11.5% of its thermal capacity (C,,) for fer-
menter heating. In parallel, this option is characterized by a
high specific electricity consumption of roughly 13% of the
installed electrical capacity (C,;). Consequently, this case
shows a low net electricity production (NEP) of 14.7 GWh/a
(for the case of 2.5 MW). Additionally, the net heat production
(NHP) sums up to 14.0 GWh/a. This sums up to a net energy
production (i.e., heat and electricity) of ca. 28.7 GWh/a. In
addition, in this case, only low temperature heat is required for
the fermenter. The consequence is that the share of high tem-
perature heat related to the net heat production (VHP) is about
57%. The thermal energy demand ratio is constant in this case,
because only the fermentation step needs heat calculated with

constant 11.5% of the heat capacity according to the
“Economic assumptions” section [94].

The sensitivity analysis for the case “hammer milling”
shows that the comparatively low biodegradability results in
a moderate impact on the net energy supply (NES). An in-
crease of the biodegradability (BD) by 8% leads to a growth of
the net electricity production (NEP) by 8% to 15.9 GWh/a
induced by a rise of the installed capacity (IC) to 35.2 GWh/
a. The net heat production (NVHP) increases by 8% to 15.2
GWh/a. The net electricity demand (NED) falls slightly from
13 to 12.7%. Vice versa, the NEP declines by 21% to 11.6
GWh/a in case of a 20% lower biodegradability. The installed
capacity would be reduced by 20% to roughly 26.1 GWh/a.
The net electricity demand (NED) would rise to 14% of the
installed electrical capacity (C,)).

The values of the installed capacity (IC), the electrical ca-
pacity (Cg)), and the thermal capacity (Cy,) change according
to the variation of the full load hours (FLH) in all cases, since
these parameters are directly proportional to the full load
hours (FLH). Appropriate to equation (3.1) and (3.2), the en-
ergy demand ratios in Table 11 to Table 13 are not affected by
any changes of the full load hours (FLH), since the numerator
and the denominator are FLH dependent. Due to proportional
capacities and constant energy demand ratios, the net electric-
ity production (NEP) (equation (3.4)) and net heat production
(NHP) (equation (3.2)) vary corresponding to the full load
hours (FLH). This means that a 10% increase of full load
hours (FLH) results in an equally high increase of net electric-
ity production (NEP) and in net heat production (NHP)—this
is true for all cases and plant sizes.

5.1.2 Steam explosion

The option “steam explosion treatment” is characterized by a
high installed capacity (C,, + C,,) of about 40.6 GWh/a, due to
its relative high methane yield. However, the heat demand
needed for the pretreatment significantly decreases the net
energy supply (i.e., heat and electricity) to 25.5 GWh/a. In
fact, the concept requires 60% of all high temperature thermal
energy produced for realizing the steam explosion process
(Fig. 6). Nevertheless, it still provides a high net electricity
production (VEP) of 19.2 GWh/a, but a relatively low net heat
production (NHP) of 6.3 GWh/a. All over, roughly 8.1% of
the electrical capacity are utilized by the internal needs
(Table 12).

The sensitivity analysis for the case “steam explosion”
shows that the comparatively high biodegradability results in
a low impact on the net electricity demand (NED) that remains
almost constant at 8% in case of a further increase of the
biodegradability (BD) by 8%. In this case, the net heat de-
mand (NHD) falls to 45% for high temperature heat and to
64% for low temperature heat, respectively. The installed ca-
pacity (IC) grows by 8% to 43.8 GWh/a and the net energy
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supply (i.e., heat and electricity) by 11% to 28.4 GWh/a.
Conversely, the installed capacity (IC) decreases by 20% to
32.5 GWh/a similar to the energy supply (sum of NEP and
NHP), which falls by 26% to 18.1 GWh/a in case of a 20%
lower biodegradability. The decrease of the biodegradability
(BD) by 20% influences significantly the net heat production
(NHP) by lowering it to 2.7 GWh/a (— 57%). In this case, the
concept would require 82% of its thermal energy produced.

5.1.3 Alkaline impregnation

The alkali impregnation results in a relatively high-energy
supply due to a high methane yield and a low-energy demand.
The net electricity production (NEP) in this case is 18.2 GWh/
a and the net heat production (NHP) is 12.5 GWh/a (i.e., net
energy supply of 30.7 GWh/a). Within this option, 8.1% of the
electrical capacity and 34% of the thermal capacity are utilized
by internal needs (Table 13), but only low temperature heat
(67%) is needed for this pretreatment option. High tempera-
ture heat is not required at all and can be sold on the market.

The sensitivity analysis for the case “alkaline impregna-
tion” shows that a variation of the biodegradability has no
significant impact on the energy demand of the concept, since
the increase of 8% of the biodegradability (BD) reduces the
net heat demand (NHD) by ca. 3 to 56%. The net electricity
demand (NED) remains constant at 8%. In this case, the net
electricity production (NEP) is 19.7 GWh/a, and the net heat
production is (NHP) 13.8 GWh/a. Conversely, the net energy
supply amounts to 23.8 GWh/a (NEP of 14.6 GWh/a and
NHP of 9.2 GWh/a) in case of a 20% lower biodegradability.
A reduced (— 20%) biodegradability (BD) would lower the
installed capacity (IC) by 20% to 30.8 GWh/a.

5.1.4 Comparison

Below the main trends regarding the technical assessment,
parameters are summarized and discussed.

* The highest installed capacity (IC) related to the three
assessed options results for the case steam explosion
(SE) followed by the case alkaline impregnation (AI)
and finally the case hammer milling (HM).

* The highest energy supply (sum of net electricity produc-
tion (NEP) and net heat production (NHP)) are observed
for the case alkaline impregnation (Al) followed by the
case hammer milling (HM) and steam explosion (SE).

* The case steam explosion (SE) provides the highest elec-
trical capacity of 20.9 GWh/a, combined with the highest
heat demand of all cases resulting in significantly de-
creased net energy supply (sum of net electricity produc-
tion (NEP) and net heat production (NHP)).

* The case hammer milling (HM) shows the highest specific
electricity consumption of roughly 12.5% of its electrical
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capacity resulting in the lowest net electricity production
(NEP) of 14.7 GWh/a.

» The case alkaline impregnation (AI) shows the lowest
specific electricity and no high temperature heat demand.
This concept demands considerably lower energy for
heating summing up to 34% of the heat capacity compared
with the case steam explosion (SE) with 68%. The case
alkali impregnation (Al) is a good compromise to achieve
high yields with a low-energy consumption. Thus, the
highest net energy supply (sum of net electricity produc-
tion (NEP) and net heat production (NHP)) of 30.7 GWh/a
is achieved with this concept.

» The electrical capacity increases slightly stronger than the
biogas plant size because of the improved CHP electrical
efficiency with higher installed capacities (Table 3). At the
same time, the thermal efficiency decreases so that the
share of own energy demand for heating increases signif-
icantly with the size of the biogas plant (Table 11 to
Table 13).

5.2 Economic assessment (LCOE)

This section describes the resulting leveled cost of electricity
(LCOE) based on the assessment method outlined above. The
processing cost and revenues as well as annual profit and
return on investment are shown in Fig. 7. A more detailed
summary by the respective part of the overall biogas plant
are shown in Fig. 8 (for the overall data see Table 14 to
Table 16).

In order to identify the factors most widely influencing the
LCOE additionally a sensitivity analysis is conducted by vary-
ing the factors described below. The plant size selected for this
sensitivity analysis is 2.5 MW.

*  Market prices. The parameters with the highest uncertain-
ty are expected to be the supply cost for straw and reve-
nues for digestate and heat. Prices can vary strongly de-
pending on local markets (e.g., crop yield), the given
transport distance (in case of straw), and the local price
of substitution products (mineral fertilizers in case of
digestate or other fuels used for heating). Therefore, these
values are varied by = 50% of their base values according
to section 3.

* Auvailability. The maintenance frequency is especially an
issue for concepts utilizing new reactor technologies (e.g.,
steam explosion) because unexpected downtimes might
occur due to malfunctions and limited technological expe-
rience. Alternatively, a backup reactor needs to be
accounted for, which in turn would increase the overall
investment cost. Therefore, the full load hours (FLH) are
varied from -50% to +5% as 8 710 h/a is assumed to be the
maximum achievable availability.
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* Pretreatment cost and plant lifetime. The estimated
costs for the utilized reactor equipment mainly depend
on empirical cost correlations for a wide range of ap-
plications. Therefore, an uncertainty of +10 to 30% is
assumed to be expected. Further, especially when or-
ganic material with a high inorganic content (like
straw) is treated, abrasion (e.g., from silica) or corro-
sion (e.g., from chloride ions) need to be expected,
which can reduce the lifetime of the equipment
significantly.

5.2.1 Hammer milling

Despite having the lowest electricity production related to the
three pretreatment options assessed here, the case hammer
milling (HM) shows very low leveled cost of electricity.
Additionally, the low methane yield of this concept has only
a small effect on the leveled cost of electricity (LCOE), partly
since higher specific revenues (especially the heat revenues)
counteract it.

All over, the LCOE are between 0.059 €/kWh (0.5
MW) and 0.017 €/kWh (5 MW). Thus, the plant size
of 5 MW is characterized by the lowest values for the
LCOE. This plant size reflects the best trade-off between
increased transportation cost for straw / digestate and
reduced investment cost due to “economy of scale” ef-
fects. Therefore, the highest return on investment (ROI)
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Fig. 8 Leveled cost of electricity (LCOE) divided in individual sources
for the three cases (for a plant size of 2.5 MW)
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of 2.9 is reached there as well, Fig. 7. Under these con-
ditions an economic break-even-point after about 5 years
could be possible.

* For a plant size of 5 MW the processing cost sum up to
0.123 €/kWh and the revenues to 0.106 €/kWh resulting in
LCOE of 0.017 €/kWh. The fermentation costs represent
17.6% and the pretreatment cost 5.5% of the processing
cost.

*  Due to the comparatively low methane yield of the con-
cept HM it shows the highest share of supply cost for
straw (49 %) compared with the other options.

» The share of the pretreatment cost is reduced from 34.0% to
5.5% with increasing plant size. This corresponds to a six-
fold reduction from lowest to largest plant size (Fig. 12).

The sensitivity analysis for the case “hammer milling”
(HM) shows that the comparatively low specific pretreatment
costs result in a relative low impact on the leveled cost of
electricity (LCOE) (Fig. 9).

* A strong abrasion of mill hammers due to the robust ma-
terial in straw could result in a decreased availability due
to maintenance work. If the full load hours (FLH), as the
most critical parameter, were reduced by 25% due to such
effects, the LCOE would increase by 115% to 0.043
€/kWh (2.5 MW plant size).

» The revenue for the provided products as well as the costs
of the feedstock provision influence significantly the
LCOE. For example, a 25% increase in straw supply cost
could raise the LCOE by 75% (to 0.035 €/kWh) (2.5 MW
plant size).

Therefore, the location of such a biogas plant operated with
straw should be chosen in a way, that low substrate cost are
given and the costs for bringing back the digested material to
the field are also low (i.e., short distances). In addition to the
full load hours realized within the overall plant should be high
as well as the revenues from the heat to be sold to the local
customers.
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Fig. 9 Sensitivity analysis of leveled cost of electricity (LCOE) by
variation of main influencing factors for the case “hammer milling”
(HM) for a plant size of 2.5 MW

5.2.2 Steam explosion

The construction and operation of high pressure equipment
needed for the option steam explosion (SE) takes considerably
more effort compared with the other pretreatment options.
This results in higher investment costs (Fig. 8). In conse-
quence, the return investment (ROI) of 0.6 to 0.9 is lower
when compared with other pretreatments, which results in an
economic break-even-point after 20 years for the largest plant
size of 5 MW.

* The processing cost add up to 0.206 €/kWh and the reve-
nues to 0.074 €/kWh in this case, resulting in leveled cost
of electricity (LCOE) of 0.132 €/kWh (plant size of 2.5
MW). As a consequence of the high-energy demand of the
steam explosion treatment, the revenues from heat mar-
keting represent only roughly 20%, whereas digestate rev-
enues account for close to 80%. Due to the lower revenue
and the higher specific investment costs, the resulting
LCOE of this pretreatment option ranges from 0.096 (5
MW) to 0.215 €/kWh (0.5 MW).

» The share of the pretreatment cost is very high in this case
and amounts to 53 to 68% of the total cost. The lowest
value is achieved by the largest plant size. Even though a
considerable cost reduction of the pretreatment for larger
plants can be achieved, this effect already converges
against a finite value close to a plant size of 5 MW. This
is essentially because the maximum reactor volume of
only 8 m’ is already reached for the smallest plant size
of 0.5 MW. Therefore, a further increase in plant size is
only achieved by “numbering up” the reactors (the “Steam
explosion” section) without allowing for any “economy of
scale” effects.

The sensitivity analysis of the “steam explosion” (SE) pre-
treatment shows that a variation in pretreatment cost still has a
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significant impact since it accounts for close to 55% of the
overall processing cost (Fig. 10).

* A major uncertainty of high pressure processes like steam
explosion is the continuous operation and therefore long-
term availability. Downtimes are therefore to be expected.
Thus, a reduction of 25% of the full load hours assumed
above results in an increase of the leveled cost of electric-
ity (LCOE) from 0.132 to 0.184 €/kWh (or by 39%).

* Due to the high cost of pretreatment, the value and reve-
nue of side-products (here: digestate fertilizer and thermal
energy respectively heat) have only a relatively minor im-
pact on the LCOE. When one of the two varies by 25% the
LCOE change by 3 to 8% as a result, while a rise of the
pretreatment cost of 25% drives up the LCOE by 22% to
0.161 €/kWh (2.5 MW plant size).

*  Supply cost of straw however are still a major driver of the
LCOE due to possible fluctuations of the purchase price.
The prices can increase because of the low availability or
large demand from other applications of straw resulting in
a LCOE gain to 0.144 €/kWh for + 25% and 0.156 €/kWh
for + 50%.

5.2.3 Alkaline impregnation

The alkaline impregnation (AlI) avoids high pressure equip-
ment, whereas at the same time, a chemical agent is added at
considerable longer residence times to achieve good treatment
performance. This increases the reactor size and operating cost
when compared with hammer milling, which results in a re-
turn of investment of 0.9 to 1.4. Consequently, an economic
break-even-point after about 10 years for the largest plant size
of 5 MW could be possible.

* The processing cost add up to 0.183 €/kWh and the reve-
nues to 0.099 €/kWh in this case, resulting in leveled cost
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Fig. 10 Sensitivity analysis of leveled cost of electricity (LCOE) by var-
iation of main influencing factors for the case “steam explosion” for a
plant size of 2.5 MW
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of electricity (LCOE) of 0.085 €/kWh (plant size of 2.5
MW) (Fig. 8). Revenues from heat marketing are higher
compared with steam explosion (SE) pretreatment due to a
lower heat demand and all over similar methane yields.
Heat revenues account for ca. 40% while 60% are allocat-
ed to the digestate revenues.

The long residence time leads to high reactor vol-
umes, which has a significant impact on the pretreat-
ment cost. The share of pretreatment cost amounts to
42% (5 MW) and 61% (0.5 MW) of the total pro-
cessing costs. This is because tank reactors at ambi-
ent pressure are far easier to build at larger volumes
resulting in lower investment costs and thus finally
in lower LCOE.

In consequence of moderate revenues together with mod-
erate specific investment cost, the resulting LCOE range
between 0.073 and 0.159 €/kWh. This range is more or
less in the middle between the option hammer milling
(HM) and steam explosion (SE).

Major cost drivers for the case “alkali impregnation” are

still the straw supply and the pretreatment cost (Fig. 11).

If for example, the treatment cost increased by 25%, the
leveled cost of electricity (LCOE) would increase from
0.085 €/kWh to 0.106 €/kWh (by 25%). Pretreatment cost
could increase e.g., when excessive corrosion and in-
creased wastewater treatment cost due to the alkaline
chemicals occur. As a consequence, due to inhomoge-
neous treatment, the achieved biogas yield could decrease.
In order to achieve the same installed capacity, the straw
supply cost would increase e.g., by 25% which in turn
causes a rise in LCOE to 0.097 €/kWh (by 14 %) (for a
plant size of 2.5 MW).

The same effect could occur only by a 10% decrease of the
full load hours. Reduced capacity utilization can follow
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due to maintenance or replacement of corroded reactor
parts. Therefore, the equipment material needs to be cho-
sen in a way so that the instruments reliably reach their
lifetimes.

5.2.4 Comparison

The following summarizes the main trends regarding the
leveled cost of electricity (LCOF) and its shares.

The revenues for the case hammer milling (HM) (0.106 to
0.156 €/kWh—depending on plant size) are the highest
compared with the other pretreatments.

In consequence of the reduced thermal efficiency of the
CHP (Table 8), the revenues for heating decrease with
increasing size. The digestate revenue decreases due to a
larger transport distance. This is visualized for the case
HM in Fig. 12.

Steam explosion (SE) treatment shows with 53 to
68% the highest share of the pretreatment cost
among all concepts assessed here. This is mainly
due to the high-energy demand and pressure for such
a treatment and the resulting technological effort.
Additionally, the share of heat revenues for the case
SE (23 to 31%) is the lowest of all pretreatment
options. Thus, this case shows also the highest
LCOE in the range of 0.118 to 0.221 €/kWh of all
assessed options.

The LCOE for the case alkali impregnation (Al) (0.073 to
0.159 €/kWh) is between the cost of the option SE and
HM, mainly due to expectedly high residence time and
large reactors and peripherals.

All evaluated concepts show a clear dependency on
the plant size. For all cost types (and all treatment
concepts), the investment cost of pretreatment is the
one that is most influenced by the plant size. These
“economy of scale” effects act on all investigated

W Supply cost O Pretreatment cost

OFermentation cost [ Digestate revenue
Heat revenue

LCOE

LCOE (€-ct/kWh)

0.5 MW | 1.0 MW | 2.5 MW | 5.0 MW

Fig. 11 Sensitivity analysis of leveled cost of electricity (LCOE) by var-
iation of main influencing factors for the case “alkaline impregnation” for
a plant size of 2.5 MW

Fig. 12 Leveled cost of electricity (LCOE) for the case HM divided in
individual sources of costs(positive)/revenues(negative) as a function of
the plant size (0.5-5.0 MW)
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cases and are exemplarily represented in Fig. 12 for
the case HM. Furthermore, for all cases, these ef-
fects converge to a finite value close to a plant size
of 5 MW

* The share of substrate cost increases further with the plant
size due to higher transport distances. The transport dis-
tance is also the reason for decreasing digestate revenues
observed in all cases (Fig. 12).

6 Conclusion and outlook

Straw is a major crop residue that is to date only scarcely
utilized. In order to substitute fossil fuel energy and to face
climate change anaerobic fermentation of straw, to provide
biomethane to be further used for electricity generation, for
heat provision and/or as a transportation fuel, has a large po-
tential in Germany and in numerous other countries around
the world. In contrast to other options to use straw as a source
of energy, the biogas route offers the option to recycle a
nutrient-rich fertilizer back to agriculture able to additionally
improve soil properties (i.e., humus enhancement).
Nevertheless, the design of a cost-effective plant is challeng-
ing due to numerous influential parameters like straw price
and availability but also the process design itself. Thus, this
paper aims to assess three pretreatment options to allow for a
commercially viable operation of biogas plants using straw as
a feedstock.

Based on the obtained results concerning the technical and
economic properties of straw biogas fermentation, the follow-
ing conclusions can be drawn.

* Intense mechanical pretreatment of straw by hammer mill-
ing still results in insufficiently degraded fibers for a com-
plete biodegradability (up to 75%). Nevertheless, a straw
fermentation with this treatment can work most cost-
effective due to its low capital-bound cost. Additionally,
the heat provided by the CHP unit assumed to be used here
can fully cover the given heat demand (and thus contrib-
utes to the revenue of the overall plant).

* Although the biodegradability of steam explosion pre-
treatment is the largest observed (up to 93% in literature),
the high-energy demand (i.e., high temperature heat) and
costly high pressure reactors are limiting factors of process
implementation.

* To increase the overall renewable energy share, the
alkaline pretreatment offers the highest net energy
supply. Furthermore, alkaline treatment offers a sim-
ple process design and operation compared with
steam explosion due to ambient pressure. Clear draw-
backs are the relative long residence time and the still
high investment cost.
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In order to further increase the economy of biogas plants,
using straw as a feedstock the following points could be
reviewed in the future.

* The additional provision of high value side products could
decrease the specific electricity production but could en-
hance the overall economic performance of the plant. One
option might be the provision of lignin from the digested
straw [11, 120, 121].

e The methane yield of biogas plants might be in-
creased by integration of a power-to-gas concept
(PTG) converting (surplus) electricity from wind
mills and/or photovoltaic systems into hydrogen that
can in turn convert carbon dioxide to methane via
the biological pathway enhancing the share of meth-
ane within the provided biogas [122, 123].

* The chemical agents of alkaline treatment could have ad-
verse effects on the fermentation or properties of the
digestate. Both of these effects were not taken into account
and should be researched further, when alkaline treatment
is investigated in the future.

Appendix

Table 9  Basic assumptions for techno-economic analysis of biogas
plants utilizing annual plant residues

Parameter Value Unit

Calorific value methane 9.97 kWh/Nm3
Specific wheat yield 44 t—FM/(ha - a)
Corn/straw ratio 1 t/t
Agricultural land/total land 0.4 halha

Annual temperature average 10 °C

Table 10 Assumed average molar composition and molar mass of main
organic feedstock components. Molar methane yields are calculated using
Buswell’s equation, weight specific yields assuming 22.41 Nm? ideal gas/
4

Parameter Molar composition Molar Methane yield
mass
C H O N S gmol mol CHy  Nm?®
mol,- CH4/ti
Cellulose 6 105 0 0 162 3.0 415
Hemicellulose 5 8 4 0 0 132 2.5 424
Proteins 54 79 15 15 10 1190 2.7 508
Lipids /waxes 18 33 2 0 0 280 12.6 1008
Lignin 52 60 19 0 0 988 0 0
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Table 11 Overview of results - i
about the technical assessment for ~ Parameter Unit Plant size
the case “hammer milling” for the
investigated biogas plant sizes 0.5 MW 1.0 MW 25 MW 5.0 MW
Methane production Mio. Nm?/a 0.89 1.68 3.78 7.64
Installed capacity
Electrical GWh,ja 3.33 6.69 16.76 35.80
Thermal 7> 100 °C GWhy/a 2.30 3.93 7.92 15.99
Thermal 7'< 100 °C GWhy/a 2.30 3.93 7.92 15.99
Net energy supply
Electrical GWh,/a 2.89 5.84 14.71 31.51
Thermal 7> 100 °C GWhyla 2.30 3.93 7.92 15.99
Thermal 7'< 100 °C GWhyla 1.77 3.03 6.10 12.32
Energy demand ratio
Electrical % — EL 13.0% 12.7% 12.2% 12.0%
Thermal 7> 100 °C % —HT 0.0% 0.0% 0.0% 0.0%
Thermal 7'< 100 °C %—LT 23.0% 23.0% 23.0% 23.0%
Table 12 Overview of results - ]
about the technical assessment for ~ Parameter Unit Plant size
the case “steam explosion” for the
investigated biogas plant sizes 0.5 MW 1L.O MW 25 MW 5.0 MW
Methane production Mio. Nm?/a 1.11 2.09 4.71 9.51
Installed capacity
Electrical GWh,/a 4.14 8.32 20.86 44.56
Thermal 7'> 100 °C GWhyla 2.86 4.89 9.86 19.91
Thermal 7'< 100 °C GWhyla 2.86 4.89 9.86 19.91
Net energy supply
Electrical GWhla 3.80 7.64 19.16 40.94
Thermal 7> 100 °C GWhyla 1.47 2.28 3.98 8.03
Thermal 7'< 100 °C GWhyla 0.95 1.42 2.30 4.64
Energy demand ratio
Electrical % — EL 8.2% 8.2% 8.1% 8.1%
Thermal 7> 100 °C % —HT 48.6% 53.3% 59.6% 59.6%
Thermal 7'< 100 °C %—LT 66.7% 71.0% 76.6% 76.7%
Table 13 Overview of results j ]
about the technical assessment for ~ Parameter Unit Plant size
the case “alkaline treatment” for
the investigated biogas plant sizes 0.5 MW 1.0 MW 25 MW 5.0 MW
Methane production Mio. Nm?3/a 1.06 1.98 4.47 9.03
Installed capacity
Electrical GWh,j/a 393 791 19.82 42.33
Thermal 7> 100 °C GWhyla 2.72 4.65 9.37 18.91
Thermal T < 100 °C GWhy/a 2.72 4.65 9.37 18.91
Net energy supply
Electrical GWhjla 3.61 7.26 18.20 38.88
Thermal 7> 100 °C GWhyla 2.72 4.65 9.37 18.91
Thermal 7'< 100 °C GWhyla 1.12 1.75 3.10 6.25
Energy demand ratio
Electrical % — EL 8.2% 8.2% 8.2% 8.1%
Thermal 7> 100 °C % — HT 0.0% 0.0% 0.0% 0.0%
Thermal 7'< 100 °C % —LT 58.8% 62.3% 66.9% 66.9%
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Table 14 Specific leveled cost of electricity with specific shares of the costs/revenues for “hammer milling” pretreatment

Share of specific cost/plant size 0.5 MW 1.0 MW 2.5 MW 5.0 MW
Raw material supply cost 6.7 6.5 6.1 6.1
Pretreatment cost 73 3.6 1.4 0.7
Fermentation cost 75 7.0 59 5.5
Digestate revenue -8.8 -79 -69 -63
Heat revenue -6.7 =57 —-4.6 -43
LCOE (€-ct/kWh) 59 35 2.0 1.7

Table 15  Specific leveled cost of electricity with specific shares of the costs/revenues for “steam explosion” pretreatment

Share of specific cost/plant size 0.5 MW 1.0 MW 2.5 MW 5.0 MW
Raw material supply cost 5.1 5.0 4.7 4.8
Pretreatment cost 21.5 15.1 11.4 9.6
Fermentation cost 5.7 53 4.5 4.2
Digestate revenue -7.0 -64 =57 =52
Heat revenue -32 -25 -1.7 - 1.6
LCOE (€-ct/kWh) 22.1 16.6 13.2 11.8

Table 16  Specific leveled cost of electricity with specific shares of the costs/revenues for “alkali impregnation” pretreatment

Share of specific cost/plant size 0.5 MW 1.0 MW 2.5 MW 5.0 MW
Raw material supply cost 54 53 5.0 5.0
Pretreatment cost 17.8 11.8 8.6 7.0
Fermentation cost 6.0 5.6 4.7 44
Digestate revenue -73 -6.7 -59 -54
Heat revenue -59 -50 —4.0 -37
LCOE (€-ct/kWh) 15.9 11.0 8.5 7.3

Table 177 Summary of economic calculations (i.e., capital investment, operating cost, annual profit, and return on investment) for the case “hammer
milling” at varying plant sizes

Parameter/plant size Unit 0.5 MW 1.0 MW 2.5 MW 5.0 MW
Raw material supply cost Mio. €la 0.177 0.293 0.572 1.096
Pretreatment cost Mio. €la 0.250 0.324 0.504 0.842
Heat revenue Mio. €la 0.694 1.211 2.734 5.564
ROI = profits/costs - 1.6 2.0 2.5 29
Break-even point years 8.0 6.6 5.1 4.6

Table 18  Summary of economic calculations (i.e., capital investment, operating cost, annual profit, and return on investment) for the case “steam
explosion” at varying plant sizes

Parameter/plant size Unit 0.5 MW 1.0 MW 2.5 MW 5.0 MW
Raw material supply cost Mio. €/a 0.359 0.641 1.418 2.798
Pretreatment cost Mio. €/a 0.674 0.922 1.622 2.853
Heat revenue Mio. €/a 0.658 1.222 2.774 5.699
ROI = profits/costs - 0.6 0.8 0.9 1.0
Break-even point years - 42.8 24.6 19.7

Table 19  Summary of economic calculations (i.e., capital investment, operating cost, annual profit, and return on investment) for the case “alkaline
impregnation” at varying plant sizes

Parameter/plant size Unit 0.5 MW 1.0 MW 2.5 MW 5.0 MW
Raw material supply cost Mio. €/a 0.270 0.439 0.921 1.742
Pretreatment cost Mio. €/a 0.587 0.827 1.509 2.690
Heat revenue Mio. €/a 0.733 1.362 3.087 6.318
ROI = profits/costs - 0.9 1.1 1.3 1.4
Break-even point years 37.0 16.4 11.7 9.6
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