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a b s t r a c t

The objective of this paper is to evaluate a combined bioethanol and biomethane production fromwheat
straw applying process network synthesis for maximised energy yield per ton lignocellulosic biomass
input. Experimental results in combination with literature data were implemented in process synthesis
software for energy optimisation. Wheat straw was steam exploded at different pretreatment conditions
on laboratory scale. Glucose and ethanol yields as well as specific biogas yields of different solid and
liquid fractions were determined via batch-experiments. Preferable pretreatment conditions differ be-
tween biogas and bioethanol production. The optimal process configuration was found to consist of
direct biogas production from steam explosion pretreated straw at 170 �C for 20 min combined with
bioethanol production from straw pretreated at 200 �C for 20 min. This process results in a purified
methane yield of 7892 MJ and a purified ethanol yield of 964 MJ per ton untreated straw input.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The promotion of renewable energy production has multiple
drivers: reduction of greenhouse gas emissions, rising energy de-
mands while “peak-oil” might have already been reached, or
desired independency from oil imports. Utilization of biomass is a
possibility to provide renewable energy without dramatic changes
in infrastructure and consumption technologies as it results in
material energy carriers. For every fossil energy source, a bio-based
alternative already exists.

Bioethanol and biogas are the sustainable alternatives to gaso-
line or natural gas. Both energy carriers have different fields of
application. Especially an application as sustainable fuel alternative
seems to be a suitable possibility due to the necessity of only minor
changes in infrastructure and drive technology. Biogas (containing
bio-methane as value defining component) can be produced from
diverse input materials like animal manure, different energy crops
and any type of organic waste and by-product. Biomethane yields
are predominantly depending on the input material [1] and the
costs of transportation and storage are especially influenced by the
energy content of the selected raw-material. A large number of
t (V. Leitner), lindorfer@
biogas plants use energy crops like maize as their main input ma-
terial [2] because of its high yield per hectare. However the pro-
portion of arable land is limited and the rising demand on
agricultural land for food and feed production caused by a rising
world population and an exploding meat demand intensifies the
competition for agricultural land [3]. One possibility to realise
biogas production without energy crop cultivation is to develop
concepts for the utilization of agricultural waste and by-products.
For the production of bioethanol the situation is quite similar.
Today bioethanol is primarily produced from sugar cane, maize or
any type of grain. As a consequence this bio-based product is often
criticised for the competition with the food market. Concepts for
bioethanol production from agricultural by-products already exist
in various demonstration activities [4,5]. Large scale market pene-
tration is inhibited by the low economic competitiveness of the
technology [6]. To guarantee the maximum economic output from
the biomass used, biorefinery systems seem to be an attractive
solution. The biorefinery concept is analogous to today's petroleum
refinery, which produces multiple fuels and products from petro-
leum. Biomass energy and material recovery is maximized when a
biorefinery approach is considered, in which many technological
processes are jointly applied [7]. According to Ren�e and Bert [8], the
current biorefinery classification system is in a developing stage,
where categories have until now been differentiated based mainly
on: raw material inputs, type of technology (e.g. biochemical or

Delta:1_given name
Delta:1_surname
mailto:leitner@energieinstitut-linz.at
mailto:lindorfer@energieinstitut-linz.at
mailto:lindorfer@energieinstitut-linz.at
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2015.09.037&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
http://dx.doi.org/10.1016/j.renene.2015.09.037
http://dx.doi.org/10.1016/j.renene.2015.09.037
http://dx.doi.org/10.1016/j.renene.2015.09.037


V. Leitner, J. Lindorfer / Renewable Energy 87 (2016) 193e202194
thermo-chemical biorefinery), status of technology (conventional
and advanced biorefinery, 1st and 2nd generation biorefinery) and
main (intermediate) product produced [9]. Biorefinery is being
holistically defined as “an integrated pattern of farming and con-
version activities capable to provide bioenergy and biomaterials as
alternative to fossil-based refineries, increasing job and income in
rural areas” [10]. This approach of extracting diverse resources and
energy services from biomass should be preferred over simply
incinerating organic materials for thermal energy production. Pri-
oritization of fuelled conversion technologies is thus imperative.
Bioethanol producing biorefineries are one possible option espe-
cially for lignocellulosic residuals like straw. The proportion of
cellulose, hemicellulose and lignin determine the conversion
pathway and products to be delivered. The higher the cellulose to
lignin ratio, the higher the biodegradability of the biomass. Biogas
plants are commonly integrated in those biorefinery concepts as
end of pipe treatment facilities for solid and liquid waste (ethanol
stillage andwastewater streams) [11e16], and are not recognized as
energy producing facilities in their own right.

Different strategies to increase the efficiency of lignocellulosic
biorefinery plants are currently persued. The pretreatment tech-
nology is one of the key steps in the lignocellulosic biorefinery [17].
In general, pretreatment technologies are divided into four major
groups i.e. physical, chemical, physic-chemical and biological [18].
The intention of the pretreatment is a maximised recovery of
fermentable sugars with low energy input and inhibitory co-
products. Although eachmethod has some advantages, onemethod
could not be the choice for all types of biomass. With reference to
the investigated process of combined bioethanol and biogas pro-
duction from straw steam explosion pretreatment was applied for
partial hemicellulose hydrolysis and improved enzyme accessibility
as steam explosion is reported among the limited number of cost-
effective pretreatment technologies for pilot scale demonstration
and commercial application [19]. Compared to chemical pretreat-
ment with acid, alkaline, ionic liquids or organic solvents the cel-
lulose decrystallization and lignin removal for steam explosion
pretreatment is low [20]. Besides the pretreatment simultaneous
saccharification and fermentation, improved enzymes for hydro-
lysis, different yeast strains or yeast and bacteria mixtures,
cascading fermentation of different sugars and genetic modifica-
tion of yeast and bacteria strains are some of the current research
topics [21e26], to improve the efficiency of biomass conversion.
Especially the additional conversion of pentoses to ethanol seems
to be necessary in order to become economically competitive.
Compared to single glucose conversion, an increase in ethanol yield
of 38% is theoretically possible using pentoses.

The approach of a combined bioethanol and biogas refinery
highlights another possible way to convert pentoses to energy
without sophisticated process adaptions of ethanol fermentation
(often realised with genetically modified yeast). The conversion of
pentoses into biomethane in conventional biogas plants can easily
be done without any changes of the design and operation method.
Beside the advantage of converting pentoses to methane, a bio-
refinery with integrated biogas production also helps to minimize
wastewater output.

The current paper evaluates a combined biogas and bioethanol
plant to maximise energy output based on one ton untreated wheat
straw as input material and investigates synergistic effects between
both separated processes. Bioethanol production from steam
exploded wheat straw was performed on laboratory scale,
encompassing the processing steps pretreatment, enzymatic hy-
drolysis and ethanol fermentation. Beside ethanol production
different process streams were analysed for their biological
methane potential. All data for the energetic process evaluation
study was collected via own laboratory experiments to enable
complete mass balances and comparable basic conditions for bio-
ethanol and biogas production. The mass balance data from ex-
periments was extended with process energy demand data from
literature. The collected data was input for multiway optimisation
via process network synthesis described below to optain maxi-
mised energetic product output (from biomethane as well as bio-
ethanol) from 1 ton straw input.
1.1. Energetic process optimisation via process network synthesis
(PNS)

Process network synthesis (PNS) is a possibility for structural
optimisation. The system is based on the p-graph framework and
the use of combinatorial methods to find all feasible structures
linking given inputs with required products using a certain set of
technological options [27e29]. It is usually used for economic
optimisation of networks but in this study PNS is used for energy
output optimisation. PNS is an economic simulation tool and needs
detailed input data for generating reliable simulation results. In this
study data was generated by laboratory experiments and literature
review and the results are of theoretical character.

With the help of PNS the optimal process pathways of a com-
bined bioethanol and biogas plant was determined. The optimal
solution was defined by maximum energy output (bioethanol and/
or biogas) from one tonwheat straw. PNS calculations are based on
energy and mass balances in combination with economic param-
eters (costs and prices) allocated to each process stream and
technology step. The selected approach of excluding prices and
profit for every process stream and technology and assigning
heating values as “prices” to the product flows allows energy
output optimisation. At the start of process optimisation a so-called
maximum structure has to be generated. This network includes all
feasible processes and sub-processes as well as their mass and
energy balances. By using PNS, scenario definition is no longer
necessary. As a solution of the p-graph framework an optimal
structure is created representing the process chain or network with
the highest economic benefit or in the case of this work with the
highest energy output. Processes with smaller economic benefit are
not integrated in the optimal structure.
1.2. Basic process description

The basic flow sheet of the process is presented in Fig. 1. Data on
specific flows are provided in Table 1. The ethanol process is defined
as 2nd generation ethanol production with wheat straw as input
material. Wheat straw is pretreated with steam-explosion and then
enzymatically hydrolysed to sugar monomers. Onsite enzyme
production on a partial flow of pretreated straw is performed as
part of the biorefinery concept. Enzymatic hydrolysis is followed by
a solid/liquid separation where “waste” fibres are separated from
the sugar solution. The glucose present in the liquid fraction is
fermented to ethanol by genetically unmodified yeast. Finally the
ethanol solution is purified to 960 mL L�1 ethanol by distillation.
Further purification to anhydrous ethanol is not included in the
study. The process network is completed with a biogas plant and a
methane purification unit for biomethane upgrade. For process
network synthesis all process flows are defined as possible input
substrate for biogas production. Necessary process energy is pro-
vided by optional biomass (residual lignin fraction and untreated
input straw) or biogas incineration with combined heat and power
generation.



Fig. 1. Process flow sheet of the analysed process network options. Numbers represent the process streams and are defined below.

Table 1
Input data for process network synthesis.

Steam-explosion-pretreatment
Temperature [�C] 170e200
Duration [min] 20
Mass loss [g kg�1] 0e180
Glucose recovery [%] 95e100
Xylose recovery [%] 40e100
Arabinose recovery [%] 30e100
Steam demand [g kg�1] Thermodynamic minimum
Enzyme production
Temperature [�C] 30
Enzyme yield [FPU gC6�1] 175
Electricity demand kJ FPU�1] 0.029
Enzymatic hydrolysis
Temperature [�C] 50
Reaction time [Days] 3.5
Enzyme loading [FPU gC6�1] 15
Dry matter loading [g kg�1] 200
Electricity demand [kJ kg�1

DM] 72.0
Solid/liquid separation
Separation performance [%] 100
Electricity demand [kJ L�1] 4.68
Ethanol fermentation
Temperature [�C] 30
Reaction time [d] 1.5
Glucose / ethanol yield [g g�1] 0.48
Ethanol distillation

[MJ kg�1
C2H6O] 147.31 x�1.761 x … concentration of ethanol in feed [wt-%]

Biogas production
Temperature [�C] 38
Electricity demand [MJ m�3

CH4] 0.93
Heat demand [MJ m�3

CH4] 8.86
Biogas purification
Electricity demand [MJ m�3

CH4] 0.72
CHP (combined heat & power)
Thermal efficiency [%] 50
Electrical efficiency [%] 40

V. Leitner, J. Lindorfer / Renewable Energy 87 (2016) 193e202 195
2. Material and methods

2.1. Pretreatment

2.1.1. Raw material input
Wheat straw (Triticum aestivum) was provided by a local farmer

in the region of Upper Austria. It was stored as bale
(L � W � H ¼ 800 � 500 � 350 mm) in a garage until further use.
Straw was chopped with a commercial garden shredder into a
cardboard box prior to laboratory experiments. The chemical
composition of the straw is presented in Table 2.
2.1.2. Steam explosion pretreatment
Pretreatment was performed in a 15 L batch steam-explosion

reactor (VAM GmbH&Co) at the University of Applied sciences
Upper Austria, campus Wels, Austria. 900 g chopped wheat straw



Table 2
Chemical composition of untreated and pretreated wheat straw.

SN Pretreatment log (R0)[e] DS w/w-%] MassDM [g] XA [g] Glc [g] Xyl [g] Ara [g] Lignin [g]

1 Untreated 0 90.7 ± 0.4 1000 44.1 ± 0.2 412.1 ± 15.2 253.1 ± 41.7 28.9 ± 7.8 225.9 ± 0.1
2 170 �C/20 min 3.36 23.8% ± 0.7 970 44.2 ± 0.1 417.1 ± 15.4 259.4 ± 20.5 32.9 ± 8.8 215.2 ± 3.2

180 �C/20 min 3.66 22.6% ± 1.2 920 39.7 ± 0.1 418.6 ± 13.3 211.8 ± 10.1 19.4 ± 5.4 226.8 ± 2.6
190 �C/20 min 3.95 21.2% ± 1.0 840 45.9 ± 0.8 394.8 ± 12.6 126.0 ± 8.1 8.3 ± 3.9 271.4 ± 2.1
200 �C/20 min 4.25 20.0% ± 0.2 820 47.3 ± 0.7 393.6 ± 16.5 102.0 ± 11.8 9.4 ± 8.0 263.2 ± 4.5

log (R0)-severity factor; DS-dry substance; XA-ash content; Glc-glucose; Xyl-xylose; Ara-arabinose; numbers represent process streams (see Fig. 1).
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was mixed with 900 mL water and boiled under pressure with
directly injected saturated steam for 20 min. Pretreatment tem-
perature ranged from 170 to 200 �C or 3.07e4.25 in terms of
severity factor (log R0) [30,31]. Samples of wet pretreated straw
were stored in plastic bags at 4 �C for a maximum period of 3 days
and were frozen for permanent storage at �20 �C.

For process network synthesis thermal process energy demand
was set close to optimal thermodynamic efficiency which is in
opposition to laboratory scale results whereas two to three times
higher demands could be observed (data not shown). Improved
heat integration in the front end of the processes of steam explo-
sion pretreatment however leads to a reduction in thermal energy
demand. A steam-explosion design with two flash tanks for step-
wise depressurising and utilisation of flash vapour for preheating
incoming process water can be applied to recover exergy. Internal
heat integration of the process allows preheating of the process
water to 114 �C. Efficiency of the steam generator is assumed to be
50% based on the LHV. All assumptions are related to data from
National Renewable Energy Laboratory publication [32].

2.1.3. Mass loss determination in pretreatment
Mass loss during steam explosionwas determined by drymatter

quantification of pretreated straw. The mass of wet pretreated
straw (FMPS) was determined with a platform balance immediately
after steam explosion. A minimum of 1000 g wet pretreated straw
was oven dried until constant mass at 40 �C directly after pre-
treatment. Dry substance content of the pretreated straw (DSPS)
was determined. Total dry matter (DMPS) after steam explosionwas
calculated (Formula 1).

DMPS ¼ FMPS � DSPS (1)

Dry matter recovery (wDM) (Formula 2) and mass loss (ML)
(Formula 3) were calculated based on the straw input of 818 g DM
(cf. Section 2.2)

wDM ¼ DMPS=818 g (2)

ML ¼ 1�WDM (3)

2.2. Analytical methods

Dry substance content (DS) and volatile solids (VS) were ana-
lysed according to the DIN Standard Methods (DIN 38414-S2, DIN
38414-S3) [33,34], and by means of a moisture balance.

Structural carbohydrates and lignin of the biomass were deter-
mined according to NREL method NREL/TP-510-42618 [35].
Monosaccharides in liquid solution were quantified by high per-
formance liquid chromatography (HPLC) after two-stage exhaus-
tive acid hydrolysis. The analysis were performed on an Agilent
Technologies 1200 Series equipped with a Varian Metacarb 87H
column at 65 �C with H2SO4 (c ¼ 5 mmol L�1) as eluent and a flow
rate of 0.8 mL min�1 and UV 210 nm as well as RI detection.
Mannose, galactose and fructose could not be separated clearly
from xylose e only a combined quantification of those sugars was
possible. Hereinafter this fraction is referred to as xylose (Xyl). This
was regarded admissible as xylose is the major fraction of hemi-
cellulose [36,37].

The concentration of dissolved monosaccharides, acids and
ethanol after hydrolysis and fermentation were quantified using
the HPLC system defined before.

Cellulase activity was determined following the microplate-
based filter paper assay described by Xiao et al. [38]. Filter paper
disks were transferred into 96-well PCR-plates and incubated with
the enzyme for 1 h. Glucose concentration was measured photo-
metric after DNS-reagent reaction.

2.3. Enzymatic hydrolysis

Liquefaction of raw material was accomplished by enzymatic
hydrolysis with the commercial enzyme mixture Accelerase 1500
from Genencor®. Hydrolysis was performed in a shaking incubator
with a frequency of 150 min�1 at 50 �C and an incubation time of
72 h. Experiments were carried out in triplicates in 1000 mL glass
bottles with 500 g reaction volume. Straw was neither washed nor
dried nor autoclaved prior to enzymatic hydrolysis. 50 g (dry sub-
stance) wet biomass was mixed with citrate buffer (c ¼ 0.1 Mol L�1,
pH 5) and 15 mL enzyme mixture to a total mass of 500 g. The
determined enzyme activity was 47 FPU mL�1. pH value was
readjusted with NaOH (c ¼ 4 mol L�1) if necessary after 6 and 24 h.
For process network synthesis onsite enzyme production was
assumed. Enzyme yield was set to 175 FPU g�1 cellulose [39,40].
Enzyme loading for hydrolysis was assumed to be 15 FPU g�1

cellulose.

2.4. Solid/liquid separation

After hydrolysis the suspension was separated into a liquid (LF)
and solid fraction (SF) via vacuum filtration (MN615 4e12 mm). SF
was washed with distilled water, to extract adherent sugars.
Therefore SF was mixed with three times of its mass with distilled
water. The suspension was shaken overnight at a frequency of
100 min�1 at room temperature. Washed SF was separated again
via vacuum filtration (MN615 4e12 mm) and oven dried at 40 �C for
48 h. For PNS calculations solid liquid separation was assumed to
have a separation performance of 100%, respectively nomass loss in
the separation was included.

2.5. Ethanol fermentation and purification

The fermentation of glucose to ethanol was done by commercial
baker's yeast Saccharomyces cerevisiae from Ed. Haas Austria GmbH,
Traun, Austria. 100 mL LF was mixed with 2 mL CaCl2*2H2O
(g ¼ 150 g L�1), 2 mL KH2PO4 (g ¼ 143 g L�1), 2 mL MgSO4*7H2O
(g¼ 75 g L�1) and 0.44 g (NH4)2HPO4. pH value was adjusted to 4.6
with H2SO4. For inoculation 7 g of the yeast was diluted with
100 mL distilled water and incubated for 30 min at 30 �C. 2 mL of
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the yeast suspension was added to the fermentation mixture. The
glucose concentration in the liquid faction after hydrolysis reached
5.8 w/w-%, the xylose concentration 2.3 w/w-%. Fermentation was
performed in a shaking incubator with a frequency of 110 min�1 at
30 �C and an incubation time of 168 h. The long incubation time in
the laboratory batch-experiments is in line with other published
approaches to experience the kinetics of the sugar conversion
[41e43].

For PNS calculation ethanol yield was assumed to be 95%.
Ethanol is purified to 960 mL L�1 ethanol by distillation and further
purification is not considered. Energy demand of distillation is
considered as function of ethanol concentration based on property
data from Ref. [44]. The energy demand as a power function of
ethanol concentration is visualised in Fig. 2 and is in accordance to
other studies [45].

The correlation underlines the requirement of maximized
ethanol concentration in the fermentation broth for energy effi-
cient biomass conversion and subsequent product recovery.

2.6. Biological methane potential

Biological methane potential (BMP) was determined by means
of laboratory experiments and theoretical yield calculations.

2.6.1. Laboratory batch experiments
The BMP of untreated as well as pretreated wheat straw and SF

was analysed by running laboratory batch tests according to VDI
4630 [46]. Experiments were performed in triplicates in 2 L glass
bottles with volumetric biogas measurement with eudiometer
tubes. 300 mL inoculum was mixed with 700 mL tap water and 3
gVS substrate. Temperature was set to 38 �C. Bottles were shaken by
hand once a day. Biogas production was measured on a daily basis.
Methane content was determined with a DR€AGER X-am 7000
mobile gas-analyser in week three. The liquid fraction of an agri-
cultural biogas plant was used for inoculation. To evaluate the
inoculum quality, maize silage was used as a reference substrate.

2.6.2. Theoretical methane calculations
The methane potential of the liquid phase after hydrolysis and

fermentation was theoretically calculated with the Buswell equa-
tion [47].

CaHbOc þ (a � b/4 � c/2) H2O / (a/2 þ b/8 � c/4) CH4
þ (a/2 � b/8 þ c/4) CO2 (4)

Glucose (C6H12O6), xylose (C5H10O5) and acetic acid (C2H4O2) in
the liquid fraction after hydrolysis and the liquid fraction after
Fig. 2. Correlation between mass concentration of ethanol [w/w-%] and energy de-
mand [MJ kg�1ethanol] for distillation.
fermentationwere considered for theoretical methane calculations.

2.7. Process network synthesis

The process network was modelled in PNS studio (accessible
from http://www.p-graph.com). The maximum structure was set
according to the process flow sheet presented in Fig. 1. All tested
pretreatment conditions are integrated in the maximum structure.
Combined hexose and pentose conversion to ethanol was inte-
grated as an alternative to straight hexose conversion. Energy and
mass balances were made according to laboratory and literature
data as described in chapter 2.1e2.6. An energy self-sufficient
process was stipulated whereas process heat and power is pro-
vided by integrated combined heat and power (CHP) from un-
treated wheat straw, lignin or biogas. Selecting the optimal
pathway for energy production is part of process network syn-
theisis. The energy efficiency of the CHP was set to 40% for power
production and 50% for process heat based on lower heating value
(LHV). The LHV of the carbohydrate streams was calculated ac-
cording to Thomsen et al. [48]. Process heat requirements beside
steam explosion and distillation is neglected when straw is pre-
treated e assuming that necessary process heat can be recovered
from process exhaust steam through heat integration installations.
All input data for PNS is summarised in Table 1.

3. Results and discussion

3.1. Chemical composition and mass loss steam explosion
pretreatment

The chemical composition of untreated and pretreated wheat
straw is summarised in Table 2. Results are presented as mass
balance based on one kg untreated straw process input repre-
senting process stream one (untreated wheat straw) and two
(pretreated wheat straw e various conditions) of the process flow
sheet presented in Fig. 1.

As visualised in Fig. 4 accumulated mass of ash, lignin and
glucose are relatively constant for different steam explosion pre-
treatment conditions representing 700 g (wheat straw process
input 1 kg DM). Xylose and arabinose masses are declining with
harsher pretreatment conditions and a linear correlation with the
severity factor was found (see Fig. 3).

The calculation method of dry matter losses during steam ex-
plosion pretreatment is reported under paragraph 2.4. The mass
loss in pretreatment is primarily caused by degradation of hemi-
cellulose to volatile compounds that are vented off within the
Fig. 3. Correlation of xylose and arabinose mass fractions [g] with the severity factor
based on 1 kg untreated wheat straw.

http://www.p-graph.com


Fig. 4. Mass fractions [g] of pretreated straw for diverse pretreatment conditions based
on 1 kg untreated wheat straw.
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exhaust steam of the pretreatment section. The maximum dry
matter loss was determined to be 18%. This result is in good
accordance with literature data where mass losses between 15 and
25% for batch as well as continuous steam explosion facilities are
reported [49e51]. Pyrolysis, oxidation and dehydrogenation re-
actions are responsible for the sugar-degrading, wherein the py-
rolysis in the absence of oxygen takes place by thermal
decomposition of the organic materials. Oxidation promotes the
degradation of the organic substance to carbon dioxide and water,
and also contributes to a partial conversion of pentoses to car-
boxylic acids and other degradation products. For longer residence
times or increasing pretreatment temperatures, the production of
furfural and HMF increases by dehydration of pentoses and hexoses
to [52]. The thermal energy consumption in pretreatment is almost
linearly proportional to the liquid/solid ratio based on thermody-
namic calculations [53]. Aminimal critical solids loading of 25w/w-
% is required to limit thermal energy input for pretreatment [54].
3.2. Enzymatic hydrolysis

During enzymatic hydrolysis polysaccharides are degraded into
monosaccharide sugars and biomass is partially liquefied. Table 3
summarises the measured sugar contents in the solid and liquid
phase after hydrolysis as well as the liquefaction yield of glucose
(GL) and xylose (XL) (The liquefaction yield describes percentage of
liquefied sugar monomers from cellulose and hemicelluloses
Table 3
Sugar contents in the solid/liquid phase after hydrolysis and liquefaction rate of glucose

SN 6 7

Solid fraction after hydrolysis L

Pretreatment MassDM
[g]

Glc
[g]

Xyl
[g]

Ara
[g]

Lignin
[g]

M
[

170 �C/20 min 825 478.0 ± 3.1 199.0 ± 16.2 23.1 ± 8.3 216.3 ± 2.3 4
180 �C/20 min 720 326.2 ± 9.5 100.4 ± 17.4 8.2 ± 6.9 252.0 ± 3.6 3
190 �C/20 min 510 191.3 ± 3.7 40.0 ± 3.2 3.2 ± 1.6 252.5 ± 1.9 3
200 �C/20 min 500 189.0 ± 4.4 36.5 ± 3.2 2.2 ± 0.4 248.0 ± 5.1 3
200 �C/20 min opt. 329 39.4* 15.3* 2.2* 248.0* 3
200 �C/20 min opt.þC5 329 39.4* 15.3* 2.2* 248.0* 3

Glc-glucose; Xyl-xylose; Ara-arabinose; GL-glucose liquefaction rate; XL-xylose liquefac
a
… Optimised ethanol process with increased glucose and xylose liquefaction e calcula

b
… See footnote a as well as glucose and xylose conversion to ethanol e calculated dat

*Standard deviation not specified e only calculated data not based on laboratory experi
compared to the theoretical yield).
Enzymatic hydrolysis shows the highest efficiency at the

harshest pretreatment conditions of 200 �C/20 min with a GL of
53% and a XL of 81% of the theoretical yield. Comparable values are
reported by Dererie et al. [55] for oat straw and Vintila et al. for
wheat straw [56]. Other literature sources report glucose yields up
to 98% [57e59], for wheat straw but Wang et al. [60] found that the
overall glucose yield is strongly dependent on the cellulose loading.
They report a glucose yield of 50% for cellulose concentrations of
50 g L�1 in hydrolysis. Similar yields were published by other
research groups [57,61,62]. Due to high cellulose contents in the
straw used in this study, the cellulose loading in the liquefaction
experiments was 47 g L�1, whichmight explain the comparably low
glucose yield.

With respect to possible process optimisations due to optimised
enzyme mixtures or pretreatment an optimal ethanol process is
considered in the maximum structure of PNS. For the optimised
ethanol process a GL of 90% and a XL of 85% is assumed. The pos-
sibility of xylose conversion to ethanol is considered in the
maximum structure as well.

3.3. Bioethanol fermentation

Laboratory fermentation experiments resulted in an 80% con-
version of glucose to ethanol. An increase in conversion for optimal
fermentation processes up to 97% has already been proven. Com-
parable low ethanol yield can be explained by the used batch sys-
tem and aerobic conditions at the beginning of the fermentation
experiments [63]. For PNS simulation a conversion rate of 95% was
assumed. Ethanol amount in Table 3 is already calculated with a
conversion rate of 0.48 g g�1 glucose.

3.4. Biogas and methane potential studies

Experimentally determined as well as calculated methane po-
tentials were the basis for the evaluation of the energy output of the
biogas plant implemented in the biorefinery concept. All results are
summarised in Table 4.

Untreatedwheat straw has a specific biogas yield of 490 Nm3 t�1

VS with a methane concentration of 55%. Literature data varies
between 50 and 297 Nm3 t�1

VS methane [64e67]. These differ-
ences can be explained by different particle sizes and different in-
cubation temperatures [64,67,68]. Positive effects of steam
explosion pretreatment on anaerobic digestibility of lignocellulosic
material have already been reported [64,67,69,70]. Reduced
methane yields for more severe pretreatment conditions can be
(GL) and xylose (XL).

8

iquid fraction after hydrolysis Liquid fraction after
fermentation

ass
g]

Glc
[g]

Xyl
[g]

GL
[w/w-%]

XL
[w/w-%]

Mass
[g]

Ethanol
[g]

Xyl
[g]

025 97.3 ± 24.5 33.2 ± 1.2 23 13 4025 47.1 ± 2.0 29.3 ± 0.0
880 109.5 ± 16.7 82.1 ± 1.7 26 39 3880 53.1 ± 6.0 64.3 ± 6.3
690 199.0 ± 9.7 80.4 ± 5.1 51 65 3690 96.4 ± 5.7 56.2 ± 8.1
600 210.4 ± 1.8 83.3 ± 1.6 53 81 3600 101.9 ± 5.7 83.3 ± 1.4
771 354.2* 86.7* 90 85 3771 171.6* 86.7*
771 254.2* 86.7* 90 85 3771 213.5* 0.0*

tion rate; numbers represent process streams (see Fig. 1).
ted data only.
a only.
ments.



Table 4
Results of biogas and methane potential studies.

SN 2 6 7 9

Pretreatment Pretreated straw Solid fraction after hydrolysis Liquid fraction after
hydrolisis

Liquid fraction after
fermentation

Biogas [L kg�1
DM] c CH4 [v/v-%] Biogas [L kg�1

DM] c CH4 [v/v-%] Biogas
[L kg�1

DM]
c CH4 [v/
v-%]

Biogas
[L kg�1

DM]
c CH4 [v/
v-%]

Untreated straw 478 ± 6.3 55 ± 1.5 546 ± 10.9 51 ± 0.0 n.s. n.s. n.s. n.s.
170 �C/20 min 549 ± 14.8 54 ± 1.5 548 ± 21.9 50 ± 0.7 24.7 * 50 * 6.7 * 50 *
180 �C/20 min 508 ± 7.0 55 ± 1.2 413 ± 6.9 53 ± 1.0 40.0 * 50 * 19.0 * 50 *
190 �C/20 min 517 ± 18.5 53 ± 1.2 288 ± 11.5 50 ± 0.5 60.5 * 50 * 20.2 * 50 *
200 �C/20 min 521 ± 12.0 55 ± 1.3 292 ± 8.8 50 ± 1.0 65.1 * 50 * 21.5 * 50 *
200 �C/20 min opt. 91.3 * 50 * 21.1 * 50 *
200 �C/20 min opt.þC5

** 91.2 * 50 * 4.0 * 50 *

*Standard deviation not specified e calculated data not based on laboratory experiments.
**90 w/w-% sugar yield in hydrolysis; hemicellulose sugar conversion to ethanol.
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explained by degradable sugar losses during steam explosion. Se-
vere pretreatment show reduced methane yield despite higher
energy consumption for steam explosion but significantly increases
degradation speed of lignocellulosic sugars by a factor of 2e2.6
(data not shown). Degradation speed was not included in the
optimisation study.

A linear correlation was found (y ¼ 1062.8 x e 205.49) for the
methane yield of the solid fibre fraction after hydrolysis related to
the undissolved sugar content (see Fig. 5).

The correlation of sugar content and biogas yield indicates that
higher glucose liquefaction rate in the hydrolysis would lead to
reduced methane yield of the fibre fraction. Kaparaju et al. [64]
reported high methane yields of wheat straw stillage even
though cellulose conversion rate was 90% and remaining sugars in
the fractionwas quite low. In difference to this study Kaparaju et al.
[64] used fermentation stillage as a mixture of solid and liquid
fraction containing liquid carbon sources not related to the biomass
input like acetate, yeast or enzyme.

Biogas yield of liquid fractions were calculated as described in
paragraph 2.6.2, results are presented in Table 4.
3.5. Process network synthesis

Originating from the maximum structure including all investi-
gated operation conditions the optimal structure, which is the
process pathway resulting in maximum energy output from 1 ton
straw input, was determined as follows: Steam explosion of straw
(817 kg) at 170 �C for 20 min and direct biogas production of the
pretreated material as well as bioethanol production of straw
(183 kg) pretreated at 200 �C for 20 min. This process results in a
purified methane yield of 7892 MJ and a purified ethanol yield of
964MJ per ton untreated straw input. Only 40 MJ produced process
Fig. 5. Correlation of the undissolved sugar content with biogas yield of solid fraction
after hydrolysis.
heat is wasted. The waste process heat is a result of the stipulated
internal electricity production for self-sufficient supply. The
determined optimal structure is presented in Fig. 6.

The presented process structure was the result of simulation
work and is defined as combined bioethanol and biogas facility
with the highest energy output (methane and ethanol) of one ton
wheat straw. 81.7% of the input material is used for biogas pro-
duction and only 18.3% for ethanol production. Lignin combustion
is preferred to biogas and untreated wheat straw incineration for
process energy production. As expected the system selected opti-
mised enzymatic hydrolysis (GL 90%) for cellulose liquefaction in
combination with simultaneous hexose and pentose fermentation
in order to minimize the energy consumption of the distillation
unit. The advantage of anaerobic digestion of pretreated straw
compared to biogas production of untreated straw is significant due
the higher biogas and net energy production.

The robustness of this optimal structure was tested by varying
the amount of ethanol produced. This evaluation was done for the
“standard” ethanol process (GL 53%) and the optimised process (GL
90%). A brief summary of the resulting energy output is presented
in Tables 5 and 6.

For all evaluated scenarios the results of the optimal process
network structure is comparable. A higher proportion of the solid
fraction is transferred to the biogas plant due to the missing valu-
ation of electricity in the standard ethanol process. Due to the lower
sugar content in the solid fraction of the optimised ethanol process
(see Table 3 and Fig. 5) the whole fraction is transferred to the CHP
resulting in high electricity production. For high liquefaction rates
the total energy yield is relatively stable. The amount of straw
pretreated with 170 �C is decreasing at an increasing amount of
ethanol produced. The methodology proposed provides an
assessment of the lignocellulosic biomass-to-ethanol and biomass-
to-biomethane conversion technology systems with maximum
energy output. However the choice of a technology concept will
depend on various impact factors such as economic returns, socio-
economic issues, national/regional policies or environmental
impacts.
4. Conclusions

4.1. Performance of laboratory batch experiments on unit processes
of the biorefinery concept

Xylose and arabinose masses are declining in linear correlation
with harsher steam explosion pretreatment conditions. This mass
loss of up to 18% is primarily associated with the degradation of
hemicellulose to volatile compounds that are vented off within the



Fig. 6. Process flow sheet of the analysed optimal structure of process network.

Table 5
Results of scenario evaluation of process network synthesis for the standard ethanol process (GL 53%).

Postulated ethanol output Standard ethanol process (GL 53%)

Biomethaneoutput Biomethane þ bioethanol output Excess electricity output Waste heat output

[MJ] [MJ] [MJ] [MJ] [MJ]

0 8838 8838 0 318
500 7897 8397 250 174
1000 6279 7279 1093 26
1500 4616 6116 1956 310
2000 2955 4955 2819 496
2500 1292 3792 3682 731

Table 6
Results of scenario evaluation of process network synthesis for the optimised ethanol process (GL 90%).

Postulated ethanol output Optimised ethanol process (GL 90%)

Biomethane output Biomethane þ bioethanol output Excess electricity output Waste heat output

[MJ] [MJ] [MJ] [MJ] [MJ]

0 8838 8838 0 318
500 8346 8846 0 174
1000 7830 8830 23 58
1500 6941 8441 351 310
2000 6053 8053 679 562
2500 4708 7208 1385 2492
3000 3729 6729 1789 3079
3500 2750 6250 2191 3666
4000 2504 6504 1991 1568
4500 1616 6116 2319 1819
5000 729 5729 2646 2071
5270 251 5251 2933 3407
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exhaust steam of the pretreatment section and strongly influences
process performance of the biorefinery concept. Linked to harshest
pretreatment conditions of 200 �C/20 min enzymatic hydrolysis
showed highest efficiency with a GL of 53% and XL of 81%. Follow-
up laboratory scale fermentation showed a conversion of 80% from
glucose to ethanol. In contrast to the bioethanol route, severe
pretreatment resulted in reduced biomethane yield despite higher
energy consumption for steam explosion pretreatement. However
degradation speed increases by a factor of 2e2.6 significantly for
pretreatment conditions of 200 �C/20 min compared to 170 �C/
20 min and the correlation of sugar content and biogas yield in-
dicates that higher glucose liquefaction rate in hydrolysis would
lead to reduced methane yield of the solid fibre fraction.
4.2. Energetic process output optimization via process network
synthesis

Biorefinery systems are a high ranked option to guarantee the
maximum economic output from available biomass sources. Bio-
ethanol based biorefineries are one possible option especially for
lignocellulosic residuals like straw. To reach competitive ethanol
production costs in 2nd generation production facilities the factors
raw material, logistics, amount of required auxiliary chemicals and
location-specific plant size will have high influence.

From the conducted process network synthesis the necessity of
process-integrated heat management as well as minimized con-
version losses for an increase in the energy output/input ratio was
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identified. Especially the valorisation of pentoses seems to be
necessary in order to become competitive. The investigated
approach of a combined bioethanol and biogas helps to minimise
wastewater output and the achievement of closed nutrient cycles.

It was shown that biogas as well as combined bioethanol and
biogas production can be realised with a considerable net energy
surplus. The optimised process results in a purified methane yield
of 7892 MJ and a purified ethanol yield of 964 MJ per ton untreated
straw input which corresponds to a share of approximately 55% of
the lower heating value.

As already mentioned the optimization goal was to identify a
process configuration to biotechnologically convert one ton of
wheat straw to a maximum output of transport- and storable final
energy carriers. Also other investigations in biorefinery frameworks
concluded that it is more energetically efficient to produce a range
of biofuels from straw including biogas than producing bioethanol
only [71]. The findings emphasise the examination how waste
streams can be optimal capitalized in maximum energy conversion
concepts. However the chosen approach is neglecting economic
framework whereas a maximised ethanol output will trend to
higher product revenues since the energy specific market price for
ethanol is approximately five times higher than for methane/nat-
ural gas and consequently favour the return on the high investment
for ethanol production capacities. A next step would be the ex-
amination of the economic attractiveness of the investigated pro-
cess scenarios and the extent to material processing to provide
valuable biobased products. If beside energy values also economic
parameters (prices, costs or support schemes) would be considered
in this evaluation a strong shift in the conclusions is possible. The
results of the paper can therefore be regarded as reference con-
cerning how much utilizable energy can be yielded from agricul-
tural residues like wheat straw.
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