
Citation: Shevidi, A.; Lizasoain, J.;

Wlcek, B.; Frühauf, S.; Gronauer, A.;

Bauer, A. Biogas Production from

Steam-Exploded Maize Stover:

Results from Continuous Anaerobic

Tank Bioreactor Tests. Fermentation

2023, 9, 339. https://doi.org/

10.3390/fermentation9040339

Academic Editor: Christian Kennes

Received: 26 December 2022

Revised: 3 March 2023

Accepted: 21 March 2023

Published: 28 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Article

Biogas Production from Steam-Exploded Maize Stover: Results
from Continuous Anaerobic Tank Bioreactor Tests
Abbas Shevidi, Javier Lizasoain, Bernhard Wlcek, Susanne Frühauf, Andreas Gronauer and Alexander Bauer *

University of Natural Resources and Life Sciences, Vienna, Department of Sustainable Agricultural Systems,
Institute of Agricultural Engineering, Konrad-Lorenz-Strasse 24, A-3430 Tulln, Austria
* Correspondence: alexander.bauer@boku.ac.at; Tel.: +43-1-47654-93150

Abstract: Steam explosion pretreatment of lignocellulosic biomass presents a promising technology
for agricultural residues before anaerobic degradation. This study aimed to assess biogas production
in continuously stirred tank reactors using steam-exploded maize stover mono-digestion. The
continuous digestion tests were carried out in four fermenters with a capacity of 150 L under
mesophilic and thermophilic conditions. Maize stover was pretreated at 173 ◦C for 15 min. Four
different organic loading rates (OLR) were tested, the biogas and methane production rate was
monitored, and parameters such as dry matter (DM), volatile solids (VS), pH, and C:N were analyzed.
The results of the tests showed that using steam-exploded maize stover in a continuous system over
the range of an OLR from 1.0 to 3.5 kg VS m–3 d–1 is feasible with nitrogen as an additive only. The
maximum methane yield, 637 LN m–3 d–1, was measured under thermophilic conditions with an
OLR of 3.5 kg VS m–3 d–1. The trend of an increased gas production rate with an increasing OLR was
observed over the range of the applied OLRs, although the average gas yield in the thermophilic
mode was higher than it was in the mesophilic one.
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1. Introduction

The development and implementation of clean and renewable energy technologies are
crucial to reduce the utilization of fossil reserves and to reduce the emission of greenhouse
gasses [1]. The sustainable use of bioenergy, in particular organic wastes and agricultural
residues, whether competing with food/feed production or requiring any expansion of or
conversion into cropland, is given high attention in the Net Zero Emissions Scenario [2].
For example, agricultural residues like straw or corn stover, rich in carbohydrates, are
promising feedstocks for biogas production because of their abundant availability and low
costs [3]. According to Croce, Wei, D’Imporzano, Dong and Adani [3], large quantities of
straw are produced worldwide. About 1600 million Mg of straw comes from the three
main crops rice (731 million Mg), wheat (584 million Mg) and maize (230 million Mg).
However, a large amount of straw is currently not used to prevent soil erosion. According
to Monteleone, et al. [4], no negative effects on soil quality were observed when straw was
partially removed from fields. On the contrary, they claim that, concerning specific local
conditions, a win–win situation can emerge by preserving soil quality on the one hand and
producing renewable energy with remarkable savings in GHG emissions on the other hand.
Therefore, the anaerobic digestion of straw could considerably contribute to the transition
towards an environmentally friendly and socially accepted energy supply [3,5]. However,
straw and corn stover contain high amounts of lignocellulosic compounds (lignin and
hemicelluloses), resulting in reduced gas production [3,6,7]. Hence, due to the complex
nature of lignocelluloses, the direct input of straw into a biogas reactor is limited [8,9].
Several pretreatment technologies have been introduced to improve the anaerobic digestion
of lignocellulosic biomass. They can be classified into chemical, biological, physical and
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physicochemical methods. [10]. Steam explosion (SE) is an effective, environmentally
friendly and industrially scalable physicochemical pretreatment method for lignocellulosic
biomass. Biomass is pretreated by a combination of high temperatures (in most cases,
around 180–240 ◦C) and pressure (1–3.5 MPa), followed by explosive decompression to
atmospheric pressure [1] after a retention time of 5 to 20 min [11]. The SE process makes
substrates more easily fermentable by increasing surface area, porosity, and chemical
composition [1,12].

As mentioned before, the key parameters affecting SE pretreatment are tempera-
ture and residence time. The degree of degradability of lignocellulosic biomass increases
with an increase in severity [13,14]. At a certain point of pretreatment severity, inhibitors
can be formed (e.g., weak acids, furan derivatives and phenolic compounds). The for-
mation of inhibitors results in a decline in gas yields [6,15]. However, to achieve high
degradation, the optimum pretreatment conditions depend on the type of biomass. Accord-
ing to Bauer, et al. [16], hay requires milder conditions to maximize gas yields than other
biomasses require. They found the optimum gas performance of late harvested hay with the
pretreatment conditions of 175 ◦C for 10 min and recorded an increase of 16% in methane
compared to the untreated sample. According to the studies by Lizasoain, et al. [17] and
Lizasoain, Trulea, Gittinger, Kral, Piringer, Schedl, Nilsen, Potthast, Gronauer and Bauer [6],
an improvement of 89% in the methane yield of reed biomass has been reported after
pretreating it at 200 ◦C for 15 min. The pretreatment of corn stover at 160 ◦C for 2 min im-
proved methane yields by 22% during batch test investigations. Another set of experiments
with steam-exploded rape straw, conducted by Vivekanand, Ryden, Horn, Tapp, Wellner,
Eijsink and Waldron [14], found that after an 81-day trial, the cumulative methane yields of
the pretreated samples were higher than those of the untreated sample. Furthermore, they
showed that the mid-term yields at selected time points of the pretreated samples rose with
pretreatment severity (increasing temperatures and time). Dererie, et al. [18] investigated
the effectiveness of SE on the combined ethanol and methane yield of oat straw. They found
the overall energy output of the pretreated biomass (190 ◦C/10 min), 9.5–9.8 MJ kg DM-1,
which was 28–34% higher than the yield of the untreated biomass digestion. Other studies
which examined the effects of steam-exploded rice straw displayed increases in biogas
yields of 51% (200 ◦C/120 min) [19] and even up to 147% (200 ◦C/120 min) compared to
the untreated samples [20].

In recent years, numerous studies have shown a remarkable effect of the SE of different
kinds of lignocellulosic material on biogas production. However, most experiments were
conducted as lab-scale batch experiments only. Few works have been conducted on the pilot
scale using a continuous stirred tank reactor (CSTR) with steam-exploded maize stover as
an input material. A continuous stirred tank reactor (CSTR) is a common type of bioreactor
for biogas production [21,22]. It is used efficiently on different scales, from a small scale,
where it is applied to decentralized communities and remote areas, to large-scale biogas
production plants [22].

The current study aimed to investigate the efficiency of steam-exploded maize stover
in a CSTR under steady-state conditions. In detail, four different organic loading rates
(OLR) (1, 1.5, 2.5, and 3.5 kg VS m−3 d−1) and two different operating temperatures
(mesophilic and thermophilic) were applied to examine the effects on the biogas and
methane production rate as well as on process stability.

2. Materials and Methods
2.1. Inoculum

The inoculums for the fermentation were obtained from two full-scale biogas plants
in Parndorf and Ziersdorf, Austria. At the time both inoculums were collected, the plant
in Ziersdorf used maize silage and farm wastes, and the plant in Parndorf used steam-
exploded maize stover as an input material.
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2.2. Raw Material and SE Pretreatment

The maize stover used in this study was harvested in Burgenland (Austria). The straw
was dried in the field, compressed in a round bale and sent to Parndorf, where it was
pretreated with the steam explosion (SE) unit, developed and operated by the company
“Biogas Systems GmbH” (Austria). The composition of untreated maize stover samples
used in this study was determined by analyzing the following parameters: dry matter,
volatile solids, raw ash, pH, crude protein and calorific value, and the specific biogas and
methane yields (Table 1).

Table 1. Composition of untreated maize stover.

Parameter Unite Value

Dry matter % FM 86.0
SD 0.7

Volatile solid % DM 94.3
SD 0.1

Ash % DM 5.7
SD 0.1

pH-value 7.5
Crude protein % DM 3.3

min/max 0.2
Calorific value kJ g−1 17.9

min/max 0.1
Biological biogas potential LN kg−1 VS 501

SD 10.2
Biological methane potential LN kg−1 VS 305

SD 2.9

The straw was dried in the field, compressed in a round bale and sent to Parndorf,
where it was pretreated with the steam explosion (SE) unit, developed and operated by the
company “Biogas Systems GmbH” (Austria). Figure 1 shows a schematic flow diagram of
the SE unit in Parndorf.

Figure 1. Schematic diagram of SE unit in Parndorf, Austria [23].

The maize stover was chopped to a maximum particle size of 5 cm using a straw
mill, mixed with water (target value DM content of straw being 25%), and inserted into
a preconditioning tank. Here, the mixture was preheated with water vapor and was
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transported, under a further supply of water vapor, along a conveyor screw until the straw
reached the feed tank. The feed tank was closed by automatic valves, and the biomass
was heated up with water vapor until it obtained a temperature close to the final target.
Subsequently, the biomass arrived at the hydrolysis tank, which was kept at the target
pretreatment temperature by using a heating jacket containing thermal oil, which was
heated up with the exhaust gases gained from the CHP unit. Within the hydrolysis tank,
homogeneous heat distribution in the biomass was ensured by an agitator, which also
prevented the formation of coatings in the reactor. As a result, the pressure inside the reactor
increased due to a rising temperature. After the specified residence time, the pressure was
abruptly reduced to almost atmospheric pressure using a pressure diaphragm, whereby
the water in the biomass immediately evaporated. This process supported the physical
disruption of the biomass. The expansion took place in a tank, and the pretreated biomass
was finally transported to a blow tank, from which the pretreated straw was removed. The
pretreated material was subsequently filled into barrels and stored at 4 ◦C until further
utilization. The pretreatment process was performed at a temperature of 173 ◦C and a
residence time in the pressure vessel of 15 min.

2.3. CSTR Setup and Operation

The experiments were carried out in pilot-scale biogas fermenters. Four identical 200 L
continuously stirred tank reactors with a 150 L active volume in the parallel mode were
used. The fermenters used were vertical cylinders. The temperature was controlled by a
heater mounted on the outside of the side walls. The reactors were continuously stirred by
using a paddle stirrer. The stirrer was operated automatically and intercalated to 10 min of
mixing with a 10 min break. Two reactors were operated under mesophilic (40 ± 0.5 ◦C)
conditions and two were operated under thermophilic conditions (55 ± 0.5 ◦C) To ensure
that the inoculum was suitable for mesophilic and thermophilic operation, batch tests
were carried out in advance with maize straw to test the suitability of the inoculum for
the experiments.

The SE stover was filled daily in the glass containers mounted above each fermenter. A
vertical stirrer was installed in the glass containers to ensure material homogeneity during
the feeding intervals. The feeding material was introduced into the fermenters through an
electronically controlled peristaltic pump. The feeding intervals were adjusted to one hour.
An overflow system was used to fix the level of the reactor content. Periodic sampling from
the overflow stream was carried out.

The organic loading rates of 1.0, 1.5, 2.5 and 3.5 kg VS m−3 d−1 were tested in the
study. Urea was added to adjust the C:N ratio in the fermenters if needed. Gas production
was measured continuously using a RITTER gas meter, TG5 (Bochum, Germany). The
measured gas volumes were converted into standard conditions (273 K and 100 kPa) using
a thermometer and an incorporated manometer, which measures the differential pressure at
the inlet of a gas meter and the atmospheric pressure. The temperatures and pressures were
read once per day. A portable gas analyzer, “Dräger X-am 7000” (Dräger, Lübeck, Germany),
was used to determine the concentration of CH4, CO2, H2, and H2S in the biogas.

2.4. Biomethane Potential (BMP) Test

The biogas and methane production from untreated and steam-exploded maize stover
were determined by randomized AD batch experiments carried out in triplicate, in accor-
dance with VDI 4630 [24]. The inoculum used was a mixture of inoculums taken from a
previous BMP test and inoculums from two biogas plants (located in Parndorf and Mar-
garethen, Austria) that used lignocellulosic material and manure as input material at the
time of the sampling. The inoculum was sieved and diluted to approximately 4% DM,
the pH value was controlled, and no nutritional additives were used. After two weeks,
the fermenters were filled with 200 cm3 of inoculum. The substrates were added to the
fermenter to achieve an substrate-to-inoculum ratio of 1 to 3 based on VS content. The
fermenters were maintained in water baths under mesophilic conditions (37.5 ◦C) and
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continuously stirred during the 63-day process. The production of biogas was monitored
daily. In addition, microcrystalline cellulose was used as a control. All gas volumes were
reported under standard conditions (273.15 K and 1013 mbar) per kilogram of volatile solids
(Lkg−1 VS). The gas potential of the fermentation residues was determined using the same
method, whereby only 200 mL of fermentation residue was used instead of the inoculum.

2.5. Physical and Chemical Characteristics

The dry matter content (DM) of the samples was determined by heating the samples
at 105 ◦C in triplicate in a drying oven until a constant weight could be measured [25]. Ash
content was determined after dry oxidation at 550 ◦C in triplicate in a muffle furnace, and
volatile solid content (VS) was calculated by subtracting the raw ash content from the dry
matter [26]. In addition, the contents of cellulose, hemicellulose and lignin of the pretreated
biomass were determined.

Nitrogen concentration in the food and content of the reactors was determined in
duplicate according to the Kjeldahl method using SpeedDigester K-439 (Büchi, Flawil,
Switzerland) as well as distillation unit type B-324 (Büchi, Switzerland). To determine the
pH value of the solid or semi-solid samples, 10 g of fresh material was mixed with 100 mL
of distilled water. The pH measurement was performed using a C933 multiparameter
analyzer by Consort equipped with the standard pH cell (±0.1%). Cellulose and hemicellu-
lose contents were determined using a standard procedure, the sulfuric acid hydrolysis
procedure, provided by the National Renewable Energy Laboratory (NREL) [27]. The C
and N content of the samples were measured in the Microanalytical Laboratory of the
University of Vienna, Austria. The elemental analysis was performed according to standard
procedures [28] using Element-Analyzer by Perkin Elmer (EA 1108 CHNS-O, Carlo Erba,
Emmendingen, Germany).

3. Results and Discussions
3.1. Chemical Characteristics of the Steam-Exploded Substrate

The composition analysis of the substrate, treated in the SE unit in Parndorf, is pre-
sented in Table 2.

Table 2. Characterization of the feeding substrate.

Operating Stage Unit I II III IV

Dry Mater % FM 19.1 25.0 28.1 22.2
SD 0.4 0.3 0.1 1.2

Volatile Solids % DM 68.8 69.7 72.6 57.8
SD 1.2 0.5 0.2 8.3

Ash % DM 31.2 30.3 27.4 42.2
pH-value 5.2 5.2 5.6 4.6

TKN % DM 1.2 1.5 1.8 1.5
SD 0.2 0.4 0.2 0.2

C:N-ratio n.m. n.m. 23.0 36.0
Cellulose % DM 24.9 24.0 20.2 24.8

SD 1.0 0.2 1.0 0.9
Hemicellulose % DM 3.3 3.2 2.4 2.9

SD 0.3 0.2 0.3 0.1
Lignin % DM 31.6 33.7 40.3 30.6

SD 0.7 0.4 0.4 0.4
Biologic biogas potential LN kg−1 VS 348 356 325 364

SD 9.5 14.5 0.0 2.8
Biological methane potential LN kg−1 VS 202 191 186 210

SD 5.8 23.9 0.0 4.9

n.m.: not measured. Organic loading rate given in kg VS m−3 d−1.

The average DM content of the pretreated maize stover at different OLRs was 23.6%,
while the native biomass had a DM content of 86.0% (Table 1). This increase in the water
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content of the pretreated material was due to the introduction of water and steam to
the biomass in the SE unit. Water was added to the straw after milling to facilitate the
mixing and transportation of biomass, and steam was added to increase the temperature
and pressure in the pressure vessel. This result corresponds to the results of previous
studies [6,13,16,17,29]. For example, Bauer, Lizasoain, Theuretzbacher, Agger, Rincón,
Menardo, Saylor, Enguídanos, Nielsen, Potthast, Zweckmair, Gronauer and Horn [16],
who examined the influence of steam-exploded hay on biogas production, found that the
DM content of the native hay (87.1%) decreased in all pretreated samples between a range
of 22.8% DM (220 ◦C for 15 min) and 40.6% DM (175 ◦C for 5 min), depending on the
temperature and residence time in the SE unit. Lower DM content corresponded to a longer
residence time and lower temperatures [16].

The average content of the organic matter in the solid fraction of the steam-exploded
maize stover during the tests was 67.2%, which showed a significant decrease to 27.8% in
comparison to that of the native one (94.3% VS of DM). This reduction could be related to
the loss of organic material, such as volatiles, in the steam fraction of the pretreated biomass.
Additionally, other studies have reported significant reductions in the VS content for differ-
ent steam-exploded biomasses like wheat straw, hay, corn stover and reed [6,16,17,30,31].
Horn, Nguyen, Westereng, Nilsen and Eijsink [30] reported a reduction of 20% in the organic
material of the wheat straw samples, which were pretreated at 210 ◦C for 10 min. The stud-
ies from Bauer, Lizasoain, Theuretzbacher, Agger, Rincón, Menardo, Saylor, Enguídanos,
Nielsen, Potthast, Zweckmair, Gronauer and Horn [16] and Horn, Nguyen, Westereng,
Nilsen and Eijsink [30] demonstrate that the loss of VS from steam-exploded biomass rises
with the increase in the severity of the pretreatment.

Table 2 shows that the value of the pH of the steam-exploded maize stover was in
the acidic range (4.6–5.6), while the pH of the native sample was relatively neutral (7.5).
This trend of declining pH values agrees with the observations of the published reports
on the SE of different types of lignocellulose biomasses [6,16,32]. The lower pH in the
pretreated samples can be explained by the debranch reactions of the acetyl and uronyl
groups which are linked comprehensively to the backbone of hemicellulosic components.
Debranch reactions release acetic and uronic acids to the liquid fraction of the steam-
exploded biomass [15,33,34].

The C:N ratio strongly influences the efficiency of anaerobic digestion. According to
Deublein and Steinhauser [22], the optimum value of the C:N ratio for methane formation
is between 20–30, while the C:N value of maize stover is 75 [35]. Thus, the nutritional
value of straw should be adjusted before biological degradation to offset the N deficiency.
The C:N ratio of the steam-exploded straw was 23 and 36 for the loading rates 2.5 and
3.5, respectively. However, the drop in the C:N ratio of the biomass occurred during the
SE process. One possible reason for this effect could be that nitrogen-containing organic
materials in the maize stover were more resistant to degradation within the SE process. The
decrease in C:N has also been observed by Bauer, Lizasoain, Theuretzbacher, Agger, Rincón,
Menardo, Saylor, Enguídanos, Nielsen, Potthast, Zweckmair, Gronauer and Horn [16]
during the batch surveys on steam-exploded hay with different severities.

Table 2 shows that the cellulose concentration in the steam-exploded maize stover
ranged between 20.2 and 24.9% DM, that from the hemicelluloses ranged between 2.4
and 3.3% DM and that from lignin ranged between 30.6 to 40.3% DM. For native maize
stover, these values have been reported to be 34.0% DM for cellulose, 37.5% DM for
hemicellulose and 22.0% DM for lignin [35]. Different studies regarding the pretreatment
of steam-exploded lignocelluloses showed that the cellulose and hemicellulose contents
increase while the lignin content decreases in a pretreated sample. Similar trends regard-
ing changes in the content of hemicellulose and lignin have also been reported in other
studies [7,16,36,37], but no clear tendency could be found in the literature regarding the
changes in cellulose content after SE. A reason for the different responses to pretreatment
could be that the cellulose fraction of diverse biomass types can vary [17]. Thus, some
authors reported relatively constant concentrations of cellulose for miscanthus, hay, barley,
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oat, reed, spring and winter wheat [7,16,38], while others describe a slight increase for
wheat [30]. Additionally, a reduction in cellulose content for reed and corn stover under
harsh pretreatment conditions was observed [6,17]. The reduction can be explained by
the degradation of a part of the cellulosic and hemicellulosic material to monosaccharides
and other degradation compounds during the SE, which are partly removed by the steam
fraction. At the same time, lignin remains almost intact [14]. Moreover, the lignin fraction
of steam-exploded biomass can be increased by pseudo-lignin, formed by reactions of
released sugars from the hydrolyzed hemicellulose fraction [16]. Vivekanand, Ryden, Horn,
Tapp, Wellner, Eijsink and Waldron [14] investigated the changes in rape straw compo-
sition after a SE process using mid-infrared spectroscopy. Whereas hemicellulose was
solubilized through an auto-hydrolysis reaction caused by acetic acid released during the
process, the SE process did not change the lignin content significantly. Therefore, methane
potential from the anaerobic digestion of steam-exploded rape straw could be related to
the degradation of cellulose and hemicelluloses, respectively [14,33].

The decrease in cellulose and hemicellulose and the increase in the content of lignin
in the steam-exploded straw resulted in a drop in the BMP compared to the untreated
sample, as illustrated by the data in Table 2. The specific biogas and methane yields of the
steam-exploded maize stover decreased to 30.5% and 35.4% of the native sample.

Further, the ash content of the pretreated material was raised compared to that of the
native material, from 5.7% DM (native) to an average of 32.8% DM (pretreated), which
underlies the loss of volatile solids as a result of the SE process. These results are in
accordance with previous studies, which also reported an increase in the ash content in
steam-exploded biomass [7,16,17,30].

3.2. Gas Production

Table 3 shows the summary of the operating parameters of the reactors during the test
period. The calculations were based on the last six measurements during steady states. The
presented values correspond to mean values ± standard deviation.

Table 3. Summary of the operating conditions of the reactors over the runtime.

Operating Stage I II III IV

Period [d] 1–54 55–97 98–152 153–207

Mode of Operation Mesophilic Thermophilic Mesophilic Thermophilic Mesophilic Thermophilic Mesophilic Thermophilic

T [◦C] 39.99 54.08 39.77 53.13 41.06 54.33 37.74 54.80
pH 7.5 7.7 7.3 7.5 7.4 7.4 7.5 7.4

OLR [kg VS m−3 d−1] 1.0 1.0 1.5 1.5 2.5 2.5 3.5 3.5
DM [% FM] 6.8 ± 0.32 6.3 ± 0.50 6.8 ± 0.50 7.1 ± 0.45 7.6 ± 0.5 8.8 ± 0.51 15.1 ± 0.36 16.2 ± 0.88
VS [% DM] 69.7 ± 0.74 70.2 ± 0.89 71.8 ± 1.68 71.7 ± 1.55 71.3 ± 2.86 71.3 ± 3.31 57.3 ± 0.72 59.6 ± 1.19

TKN [g kg−1] 3.6 ± 0.57 3.6 ± 0.78 3.5 ± 0.23 3.4 ± 0.24 3.8 ± 0.31 3.6 ± 0.79 2.9 ± 0.48 2.8 ± 0.45
NH4-N [g kg−1] 1.4 ± 0.40 1.2 ± 0.32 1.9 ± 0.21 1.8 ± 0.23 1.8 ± 0.16 1.6 ± 0.18 1.3 ± 0.23 1.2 ± 0.23

C [% DM] 55 ± 0.37 56 ± 0.14 57 ± 0.10 57 ± 0.88 62 ± 0.72 61 ± 0.10 59 ± 0.60 57 ± 0.75
N [% DM] 4.0 ± 0.02 4 ± 0.03 3.0 ± 0.04 3 ± 0.01 3 ± 0.00 3 ± 0.12 4 ± 0.03 3 ± 0.08

C:N 14 14 18 20 20 20 17 18
HRT [d] 68 ± 1 68 ± 1 59 ± 0 59 ± 0 35 ± 1 35 ± 1 41 ± 0 41 ± 0

CH4 in biogas [%] 61 56 56 55 55 54 51 52

The results of the measurements of biogas and methane production at the four different
loading rates (1.0, 1.5, 2.5 and 3.5 kg VS m−3 d−1) are summarized in Table 4 as well as in
Figure 2.

The values shown represent the mean values of gas and specific gas production rates
based on the measurements of the last week of each testing regime before changing the
OLR. In this phase, the average gas production value changes were less than 5% compared
to the previous weeks. The amount of gas produced in this phase of each operation period
can be considered as the gas yield under the steady state condition.
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Table 4. The values of the volumetric gas and specific gas production rates under the steady state
conditions of the reactors.

Organic Loading Rate Mesophilic Thermophilic

[kg VS m−3 d−1] n Average SD n Average SD

biogas production
[LN m−3 d−1]

1.0 10 341 31 10 432 23
1.5 10 455 77 10 510 73
2.5 14 847 66 14 833 67
3.5 14 1166 233 14 1269 245

methane production
[LN m−3 d−1]

1.0 10 207 17 10 240 11
1.5 10 254 38 10 278 38
2.5 14 464 43 14 451 42
3.5 14 600 121 14 637 128

specific biogas production
[LN kg−1 VS d−1]

1.0 10 341 31 10 432 23
1.5 10 303 52 10 340 49
2.5 14 339 26 14 333 27
3.5 14 333 67 14 363 70

specific methane production
[LN kg−1 VS− d−1]

1.0 10 207 17 10 240 11
1.5 10 169 26 10 185 26
2.5 14 186 17 14 180 17
3.5 14 171 34 14 182 36

Figure 2. Weekly variations in the specific yield of the reactors for methane production over the
operating period.

3.2.1. Volumetric Gas Production Rates

The maximum biogas and methane yields under the steady state condition, 1269
and 637 LN m−3 d−1, were obtained under the thermophilic condition with the OLR of
3.5 kg VS m−3 d−1 (Table 4). Research work on Laboratory CSTR reactors conducted
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by Risberg, et al. [39] used steam-exploded wheat straw for co-digestion with cattle ma-
nure at an OLR of 2.6 kg VS m−3 d−1 and showed a biogas yield between 0.88 and
0.92 m3

N m−3 d−1 under mesophilic conditions (manure/straw ratio on VS basis was
26/74). In accordance with that, the biogas yield in the current study at the OLR of
2.5 kg VS m−3 d−1 was similar and amounted to 847 LN m−3 d−1, also under mesophilic
conditions.

The data in Table 4 shows that the biogas and methane production rates in the steady
state increased when the OLR was raised from 1.0 to 3.5 kg VS m−3 d−1. The statistical
analysis results showed that the increases in the averages of gas production between the
different OLRs were significant, except for the difference between the OLRs of 1.0 and
1.5 kg VS m−3 d−1. This effect was observed for both operating temperature modes. The
same result can be seen for the volumetric methane yields. Other researchers have detected
a similar trend of increasing gas production when raising the OLRs during the continuous
digestion of different feedstocks [40,41]. A linear increase in methane production with
increased OLRs over the range of 1.5 to 9.2 g COD L−1 d−1 was observed in a continuous
bioreactor fed with an olive mill solid residue. In this study, the maximum methane yield
obtained was 1.7 L STP L−1 d−1, at an OLR of 9.2 g COD L−1 d−1 [40].

Additionally, a fluctuation in the gas production rate in the third and fourth stages
of the tests was noticeable, starting immediately after the new load of steam-exploded
maize stover was applied. The fluctuation in methane production over the OLRs of 1.0 and
1.5 kg m−3 d−1 was low. In the third stage, when the OLR was increased to 2.5 kg m−3 d−1,
the methane yield showed a rapid increase followed by a strong decrease. However, the
average weekly production in this period was higher than that in the previous stages.
This pattern of fluctuations was repeated with greater intensity in the fourth stage when
the OLR was increased to 3.5 kg m−3 d−1. After an initial increase, the average methane
production decreased to 392 and 400 LN m−3 d−1 for the mesophilic and thermophilic
reactors, respectively, which were even less than those of the minimum methane production
in the operating period with the OLR of 2.5 kg m−3 d−1. A similar trend of fluctuation was
observed by the researchers who studied the anaerobic digestion of pulp and paper sludge
in a CSTR reactor at 37 ◦C when OLR was increased from 1.5 to 5 kg VS m−3 d−1 [42].

Despite the increasing fluctuations in gas production, after 4 to 5 weeks, the gas
production became stable. The pH values of the reactors, as an index for reactor stability,
in both temperature modes, were in the neutral range, which could provide appropriate
conditions for methanogenesis. The optimum pH of the reactor for methane formation
organisms lies in the narrow range of 6.7–7.5 [22]. Increasing the OLR may cause an increase
in the pH of the reactor and the deterioration in gas production, consequently. In this case,
the OLR of the reactors is limited. Typical volume loads in agricultural bioreactors do
not exceed 4.0 kg VS m−3 d−1, although higher values have been reported [21,22,43]. In
a set of experiments, an accumulation of volatile fatty acids (VFA), accompanied by a
gradual deterioration in pH, was observed when the OLR of the anaerobic digester was
raised to 7 kg VS m−3 d−1 with grass silage under thermophilic conditions. At the same
time, reaction failure did not occur yet [43]. Additionally, the results obtained from a
study on the anaerobic digestion of pulp and paper sludge demonstrated that an OLR of
5.0 kg VS m−3 d−1 led to a decrease in the pH and total volatile fatty acids, causing the
destabilization of the reactor and process failure [42]. In the current study, no significant
drop in pH and reactor failure was observed when digesting the steam-exploded maize
stover with OLRs of up to 3.5 kg VS m−3 d−1, which is a value close to that of typical
agricultural digesters.

3.2.2. Specific Gas Production Rates

The data in Table 4 shows the variation in the specific biogas and methane production
of each operating regime under the steady state condition. The specific yield describes
the daily volume of the gas produced per unit mass of the volatile solids inserted into
the reactor. Contrary to the volumetric biogas and methane production rate, the highest
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specific biogas and methane production rate was related to the operation regime with
the OLR of 1.0 kg VS m−3 d−1, amounting to 432 ± 23 and 240 ± 11 LN kg−1 VS d−1

under thermophilic conditions, respectively. This observation is in accordance with those
of other studies on continuous anaerobic reactors digesting protein-rich substrate [44], cow
slurry [45], maize silage, whole-crop rye silage and fodder beet silage [46].

The decrease in the specific methane yield can be related to the reduction in the HRT.
The operation of reactors with low retention times decreases degradation efficiency, mainly
when the substrate contains organic material with a resistant structure [21]. Therefore, a
decline in the specific yield may lead to an increase in the residual methane potential of the
effluent. During a study carried out to investigate the increase in the organic loading rate
from 2.1 to 4.3 kg VS m−3 d−1 in a two-stage agricultural biogas plant, biogas productivity
almost doubled, while the residual methane potential of the effluent was multiplied by the
factor 10 [47].

The results of the BMP test of the reactor residues under steady-state conditions are
presented in Figure 3. The figure shows an increase in the BMP of the reactor residues up
to an OLR of 2.5 kg VS m−3 d−1, which dropped at an OLR of 3.5 kg VS m−3 d−1. The
BMPs of the residuals were higher under mesophilic conditions than under thermophilic
conditions. This effect could be explained by the faster degradation of organic matter under
the thermophilic condition [21]. Therefore, less undigested organic matter was released
from the reactor outlet.

Figure 3. BMP of the residuals of the reactors.

3.3. The Effect of the Operating Temperature

As shown in Table 4, more biogas and methane were produced in the thermophilic
mode of operation compared to the mesophilic one, except for the OLR of 2.5 kg VS m−3 d−1.
Under thermophilic conditions (45–55 ◦C), biological reactions typically proceed faster than
they do under mesophilic conditions (25–40 ◦C), allowing higher OLRs [20,21,43,47,48].
However, the statistical analysis of the current study solely showed a significant difference
between the mean values at an OLR of 1.0 kg VS m−3 d−1. At the OLR of 1.0 kg VS m−3 d−1,
the amount of biogas produced under mesophilic conditions was 341 ± 31, 4 LN m−3 d−1.
Under thermophilic conditions, 432 ± 22.7 LN m−3 d−1 of biogas was produced, which
corresponds to a significant increase of 11% at higher temperatures (t (18) = 7.411; p < 0.001).
At higher OLRs, the biogas production rate does not follow the same trend. No significant
difference was observed between the mesophilic and thermophilic conditions. The statisti-
cal analysis showed that the methane yields under mesophilic and thermophilic conditions
were not significantly different at any OLR. This conclusion is in accordance with that of
Sun, et al. [49], who analyzed steam-exploded wheat straw in a continuously stirred tank
reactor (OLR 2.8 kg m−3 d−1, HRT 25 days). Despite the changes in the cellulose-degrading
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community structure, there was no difference in the biogas yield of the digesters when the
operating temperature rose from 37 to 52 ◦C. Additionally, some reports on the anaero-
bic co-digestion of energy crops [50] and steam-exploded wheat straw with manure [39]
showed no significant improvement in the methane yield when the operating temperature
was increased from 37 to 55 ◦C.

4. Conclusions

The results obtained from this study on the performance of the anaerobic digestion of
steam-exploded maize stover in continuous stirred tank reactors are promising. The maximum
biogas and methane yields under the steady state condition, 1269 and 637 LN m−3 d−1, were
obtained under the thermophilic condition with the OLR of 3.5 kg VS m−3 d−1. The biogas
production process was stable over the OLR range of 1.0 to 3.5 kg VS m−3 d−1, which
corresponds to the most common range of OLR among industrial digesters, though higher
organic loads could be applied to the reactor without negative effects on the reactor stability.
However, identifying the upper limit of allowable OLR and the maximum available biogas
yield needs further investigation. Optimizing the integrated system, including the SE
of maize stover followed by anaerobic digestion, regarding the severity of SE, may also
improve the energy yield of the whole system. Co-digestion of steam-exploded straw with
nitrogen-rich wastes could be considered for further investigation to utilize cheap input
materials and enhance environmental sustainability.

Author Contributions: Conceptualization, A.S., J.L. and A.B.; methodology, A.S., J.L. and A.B.;
software, A.B.; validation, A.S., J.L. and A.B.; formal analysis, A.S. and J.L.; investigation, A.S., J.L. and
B.W.; resources, A.B. and A.G.; data curation, A.S., B.W. and J.L.; writing—original draft preparation,
A.S.; writing—review and editing, J.L., A.B. and S.F.; visualization, A.S. and J.L.; supervision J.L. and
A.B.; project administration, A.B.; funding acquisition, A.B. All authors have read and agreed to the
published version of the manuscript.

Funding: COMET (Competence Centers for Excellent Technologies) program at alpS—Centre for Cli-
mate Change Adaptation. Funded by the Federal Ministry of Transport, Innovation and Technology
and the Federal Ministry of Science, Research and Economy. Additional support for the program
comes from the federal states of Tyrol and Vorarlberg.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: This study was carried out as part of the COMET (Competence Centers for
Excellent Technologies) program at alpS—Centre for Climate Change Adaptation—as well as Bio-
gasSystems Gmbh (Austria).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yu, Y.; Wu, J.; Ren, X.; Lau, A.; Rezaei, H.; Takada, M.; Bi, X.; Sokhansanj, S. Steam explosion of lignocellulosic biomass for

multiple advanced bioenergy processes: A review. Renew. Sustain. Energy Rev. 2022, 154, 111871. [CrossRef]
2. Foundation, E.C. Net-Zero 2050. Available online: https://europeanclimate.org/net-zero-2050/ (accessed on 16 November 2022).
3. Croce, S.; Wei, Q.; D’Imporzano, G.; Dong, R.; Adani, F. Anaerobic digestion of straw and corn stover: The effect of biological

process optimization and pre-treatment on total bio-methane yield and energy performance. Biotechnol. Adv. 2016, 34, 1289–1304.
[CrossRef]

4. Monteleone, M.; Cammerino, A.R.B.; Garofalo, P.; Delivand, M.K. Straw-to-soil or straw-to-energy? An optimal trade off in a long
term sustainability perspective. Appl. Energy 2015, 154, 891–899. [CrossRef]

5. Mankar, A.R.; Pandey, A.; Modak, A.; Pant, K.K. Pretreatment of lignocellulosic biomass: A review on recent advances. Bioresour.
Technol. 2021, 334, 125235. [CrossRef]

6. Lizasoain, J.; Trulea, A.; Gittinger, J.; Kral, I.; Piringer, G.; Schedl, A.; Nilsen, P.J.; Potthast, A.; Gronauer, A.; Bauer, A. Corn stover
for biogas production: Effect of steam explosion pretreatment on the gas yields and on the biodegradation kinetics of the primary
structural compounds. Bioresour. Technol. 2017, 244, 949–956. [CrossRef]

7. Fjørtoft, K.; Morken, J.; Hanssen, J.F.; Briseid, T. Pre-treatment methods for straw for farm-scale biogas plants. Biomass Bioenergy
2019, 124, 88–94. [CrossRef]

http://doi.org/10.1016/j.rser.2021.111871
https://europeanclimate.org/net-zero-2050/
http://doi.org/10.1016/j.biotechadv.2016.09.004
http://doi.org/10.1016/j.apenergy.2015.04.108
http://doi.org/10.1016/j.biortech.2021.125235
http://doi.org/10.1016/j.biortech.2017.08.042
http://doi.org/10.1016/j.biombioe.2019.03.018


Fermentation 2023, 9, 339 12 of 13

8. Zaldivar, J.; Nielsen, J.; Olsson, L. Fuel ethanol production from lignocellulose: A challenge for metabolic engineering and process
integration. Appl. Microbiol. Biotechnol. 2001, 56, 17–34. [CrossRef]

9. DeMartini, J.D.; Pattathil, S.; Miller, J.S.; Li, H.; Hahn, M.G.; Wyman, C.E. Investigating plant cell wall components that affect
biomass recalcitrance in poplar and switchgrass. Energy Environ. Sci. 2013, 6, 898–909. [CrossRef]

10. Patinvoh, R.; Osadolor, O.; Chandolias, K.; Sárvári Horváth, I.; Taherzadeh, M. Innovative Pretreatment Strategies for Biogas
Production. Bioresour. Technol. 2016, 224, 13–24. [CrossRef]

11. Wang, K.; Chen, J.; Sun, S.-N.; Sun, R.-C. Pretreatment of Biomass, Processes and Technologies; Pandey, A., Negi, S., Binod, P.,
Larroche, C., Eds.; Elsevier: Amsterdam, The Netherlands, 2015.

12. Alvira, P.; Tomás-Pejó, E.; Ballesteros, M.; Negro, M.J. Pretreatment technologies for an efficient bioethanol production process
based on enzymatic hydrolysis: A review. Bioresour. Technol. 2010, 101, 4851–4861. [CrossRef]

13. Bauer, A.; Bösch, P.; Friedl, A.; Amon, T. Analysis of methane potentials of steam-exploded wheat straw and estimation of energy
yields of combined ethanol and methane production. J. Biotechnol. 2009, 142, 50–55. [CrossRef] [PubMed]

14. Vivekanand, V.; Ryden, P.; Horn, S.J.; Tapp, H.S.; Wellner, N.; Eijsink, V.G.H.; Waldron, K.W. Impact of steam explosion on biogas
production from rape straw in relationto changes in chemical composition. Bioresour. Technol. 2012, 123, 608–615. [CrossRef]
[PubMed]

15. Zhang, Y.; Wang, L.; Chen, H. Formation Kinetics of Potential Fermentation Inhibitors in a Steam Explosion Process of Corn Straw.
Appl. Biochem. Biotechnol. 2013, 169, 359–367. [CrossRef] [PubMed]

16. Bauer, A.; Lizasoain, J.; Theuretzbacher, F.; Agger, J.W.; Rincón, M.; Menardo, S.; Saylor, M.K.; Enguídanos, R.; Nielsen, P.J.;
Potthast, A.; et al. Steam explosion pretreatment for enhancing biogas production of late harvested hay. Bioresour. Technol. 2014,
166, 403–410. [CrossRef]

17. Lizasoain, J.; Rincón, M.; Theuretzbacher, F.; Enguídanos, R.; Nielsen, P.J.; Potthast, A.; Zweckmair, T.; Gronauer, A. Biogas
production from reed biomass: Effect of pretreatment using different steam explosion conditions. Biomass Bioenergy 2016, 95,
84–91. [CrossRef]

18. Dererie, Y.D.; Trobro, S.; Momeni, M.H.; Hansson, H. Improved bio-energy yields via sequential ethanol fermentation and biogas
digestion of steam exploded oat straw. Bioresour. Technol. 2011, 102, 4449–4455. [CrossRef]

19. Zhou, J.; Yan, B.; Wang, Y.; Yong, X.; Yang, Z.; Jia, H.; Jiang, M.; Wei, P. Effect of steam explosion pretreatment on the anaerobic
digestion of rice straw. RSC Adv. 2016, 6, 88417–88425. [CrossRef]

20. Aski, A.; Borghei, A.; Zenouzi, A.; Ashrafi, N.; Taherzadeh, M. Effect of steam explosion on the structural modification of rice
straw for enhanced biodegradation and biogas production. BioResources 2019, 14, 464–485. [CrossRef]

21. Tchobanoglous, G.; Franklin, B.; Stensel, H.D. Wastewater Engineering: Treatment and Reuse; Metcalf & Eddy Inc., McGraw-Hill:
New York, NY, USA, 2003.

22. Deublein, D.; Steinhauser, A. Biogas from Waste and Renewable Resources, an Introduction; WILEY-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2008.

23. Dauser, H. Method and Device for the Hydrolysis of Preferably Solid Organic Substrates. U.S. Patent 8,992,735 B2, 31 March 2015.
24. VDI. VDI 4630 Fermentation of organic materials. In Characterisation of Substrate, Sampling, Collection of Material Data, Fermentation

Tests; VDI Gesellschaft Energietechnik: Düsseldorf, Germany, 2006; p. 3.
25. DIN EN. Characterisation of Slugde—Determination of Dry Matter and Water Content; DIN EN: Berlin, Germany, 2001. (In German)
26. DIN EN. Characterisation of Slugde e Determination of Glowing Loss of Dry Matter; DIN EN: Berlin, Germany, 2001. (In German)
27. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. Determination of Structural Carbohydrates and

Lignin in Biomass. Laboratory Analytical Procedure (LAP); National Renewable Energy Laboratory: Golden, CO, USA, 2012; p. 15.
28. Theiner, J. Elemental C/H/N/S Analysis, Microanalytical Laboratory; University of Vienna: Austria, Vienna, 2008.
29. Theuretzbacher, F.; Lizasoain, J.; Lefever, C.; Saylor, M.K.; Enguidanos, R.; Weran, N.; Gronauer, A.; Bauer, A. Steam explosion

pretreatment of wheat straw to improve methane yields: Investigation of the degradation kinetics of structural compounds
during anaerobic digestion. Bioresour. Technol. 2015, 179, 299–305. [CrossRef]

30. Horn, S.J.; Nguyen, Q.D.; Westereng, B.; Nilsen, P.J.; Eijsink, V.G.H. Screening of steam explosion conditions for glucose production
from non-impregnated wheat straw. Biomass Bioenergy 2011, 35, 4879–4886. [CrossRef]

31. De Paoli, F.; Bauer, A.; Leonhartsberger, C.; Amon, B.; Amon, T. Utilization of by-products from ethanol production as substrate
for biogas production. Bioresour. Technol. 2011, 102, 6621–6624. [CrossRef] [PubMed]

32. Laser, M.; Schulman, D.; Allen, S.G.; Lichwa, J.; Antal, M.J.; Lynd, L.R. A comparison of liquid hot water and steam pretreatments
of sugar cane bagasse for bioconversion to ethanol. Bioresour. Technol. 2002, 81, 33–44. [CrossRef] [PubMed]

33. Fernández-Bolaños, J.; Felizón, B.; Heredia, A.; Rodríguez, R.; Guillén, R.; Jiménez, A. Steam-explosion of olive stones: Hemicellu-
lose solubilization and enhancement of enzymatic hydrolysis of cellulose. Bioresour. Technol. 2001, 79, 53–61. [CrossRef]

34. Almeida, J.R.M.; Modig, T.; Petersson, A.; Hähn-Hägerdal, B.; Lidén, G.; Gorwa-Grauslund, M.F. Increased tolerance and
conversion of inhibitors in lignocellulosic hydrolysates by Saccharomyces cerevisiae. J. Chem. Technol. Biotechnol. 2007, 82, 340–349.
[CrossRef]

35. Zhong, W.; Zhang, Z.; Qiao, W.; Liu, M. Comparison of chemical and biological pretreatment of corn straw for biogas production
by anaerobic digestion. Renew. Energy 2011, 36, 1875–1879. [CrossRef]

http://doi.org/10.1007/s002530100624
http://doi.org/10.1039/c3ee23801f
http://doi.org/10.1016/j.biortech.2016.11.083
http://doi.org/10.1016/j.biortech.2009.11.093
http://doi.org/10.1016/j.jbiotec.2009.01.017
http://www.ncbi.nlm.nih.gov/pubmed/19480947
http://doi.org/10.1016/j.biortech.2012.06.088
http://www.ncbi.nlm.nih.gov/pubmed/22947446
http://doi.org/10.1007/s12010-012-9961-8
http://www.ncbi.nlm.nih.gov/pubmed/23188657
http://doi.org/10.1016/j.biortech.2014.05.025
http://doi.org/10.1016/j.biombioe.2016.09.021
http://doi.org/10.1016/j.biortech.2010.12.096
http://doi.org/10.1039/C6RA15330E
http://doi.org/10.15376/biores.14.1.464-485
http://doi.org/10.1016/j.biortech.2014.12.008
http://doi.org/10.1016/j.biombioe.2011.10.013
http://doi.org/10.1016/j.biortech.2011.03.045
http://www.ncbi.nlm.nih.gov/pubmed/21481586
http://doi.org/10.1016/S0960-8524(01)00103-1
http://www.ncbi.nlm.nih.gov/pubmed/11708754
http://doi.org/10.1016/S0960-8524(01)00015-3
http://doi.org/10.1002/jctb.1676
http://doi.org/10.1016/j.renene.2010.12.020


Fermentation 2023, 9, 339 13 of 13

36. Ballesteros, M.; Oliva, J.M.; Negro, M.J.; Manzanares, P.; Ballesteros, I. Ethanol from lignocellulosic materials by a simultaneous
saccharification and fermentation process (SFS) with Kluyveromyces marxianus CECT 10875. Process Biochem. 2004, 39, 1843–1848.
[CrossRef]

37. Vivekanand, V.; Olsen, E.F.; Eijsink, V.G.H.; Horn, S.J. Effect of different steam explosion conditions on methane potential and
enzymatic saccharification of birch. Bioresour. Technol. 2013, 127, 343–349. [CrossRef]

38. Menardo, S.; Bauer, A.; Theuretzbacher, F.; Piringer, G.; Nilsen, P.; Balsari, P.; Pavliska, O.; Amon, T. Biogas Production from
Steam-Exploded Miscanthus and Utilization of Biogas Energy and CO2 in Greenhouses. BioEnergy Res. 2012, 6, 620–630.
[CrossRef]

39. Risberg, K.; Sun, L.; Levén, L.; Horn, S.J.; Schnürer, A. Biogas production from wheat straw and manure—Impact of pretreatment
and process operating parameters. Bioresour. Technol. 2013, 149, 232–237. [CrossRef]

40. Rincón, B.; Borja, R.; González, J.M.; Portillo, M.C.; Sáiz-Jiménez, C. Influence of organic loading rate and hydraulic retention
time on the performance, stability and microbial communities of one-stage anaerobic digestion of two-phase olive mill solid
residue. Biochem. Eng. J. 2008, 40, 253–261. [CrossRef]

41. Mata-Alvarez, J.; Dosta, J.; Romero-Güiza, M.S.; Fonoll, X.; Peces, M.; Astals, S. A critical review o n anaerobic co-digestion
achievements between 2010 and 2013. Renew. Sustain. Energy Rev. 2014, 36, 412–427. [CrossRef]

42. Lin, Y.; Wang, D.; Li, Q.; Huang, L. Kinetic study of mesophilic anaerobic digestion of pulp & paper sludge. Biomass Bioenergy
2011, 35, 4862–4867.

43. Voelklein, M.A.; Rusmanis, D.; Murphy, J.D. Increased loading rates and specific methane yields facilitated by digesting grass
silage at thermophilic rather than mesophilic temperatures. Bioresour. Technol. 2016, 216, 486–493. [CrossRef] [PubMed]

44. Kovács, E.; Roland, W.; Gergely, M. Augmented biogas production from protein-rich substrates and associated metagenomic
changes. Bioresour. Technol. 2015, 178, 254–261. [CrossRef]

45. Adebayo, A.O.; Jekayinfa, S.O.; Linke, B. Effects of Organic Loading Rate on Biogas Yield in a Continuously Stirred Tank Reactor
Experiment at Mesophilic Temperature. Br. J. Appl. Sci. Technol. 2015, 11, 1–9. [CrossRef]

46. Mähnert, P.; Linke, B. Kinetic study of biogas production from energy crops and animal waste slurry: Effect of organic loading
rate and reactor size. Environ. Technol. 2009, 30, 93–99. [CrossRef] [PubMed]

47. Lindorfer, H.; Corcoba, A.; Vasilieva, V.; Braun, R.; Kirchmayr, R. Doubling the organic loading rate in the co-digestion of energy
crops and manure—A full scale case study. Bioresour. Technol. 2008, 99, 1148–1156. [CrossRef]

48. Van Lier, J.B.; Martin, J.L.S.; Lettinga, G. Effect of temperature on the anaerobic thermophilic conversion of volatile fatty acids by
dispersed and granular sludge. Water Res. 1996, 30, 199–207. [CrossRef]

49. Sun, L.; Müller, B.; Schnürer, A. Biogas production from wheat straw: Community structure of cellulose-degrading bacteria.
Energy Sustain. Soc. 2013, 3, 15. [CrossRef]

50. Lindorfer, H.; Waltenberger, R.; Köllner, K.; Braun, R.; Kirchmayr, R. New data on temperature optimum and temperature changes
in energy crop digesters. Bioresour. Technol. 2008, 99, 7011–7019. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.procbio.2003.09.011
http://doi.org/10.1016/j.biortech.2012.09.118
http://doi.org/10.1007/s12155-012-9280-5
http://doi.org/10.1016/j.biortech.2013.09.054
http://doi.org/10.1016/j.bej.2007.12.019
http://doi.org/10.1016/j.rser.2014.04.039
http://doi.org/10.1016/j.biortech.2016.05.109
http://www.ncbi.nlm.nih.gov/pubmed/27268433
http://doi.org/10.1016/j.biortech.2014.08.111
http://doi.org/10.9734/BJAST/2015/18040
http://doi.org/10.1080/09593330802246640
http://www.ncbi.nlm.nih.gov/pubmed/19213471
http://doi.org/10.1016/j.biortech.2007.02.033
http://doi.org/10.1016/0043-1354(95)00107-V
http://doi.org/10.1186/2192-0567-3-15
http://doi.org/10.1016/j.biortech.2008.01.034

	Introduction 
	Materials and Methods 
	Inoculum 
	Raw Material and SE Pretreatment 
	CSTR Setup and Operation 
	Biomethane Potential (BMP) Test 
	Physical and Chemical Characteristics 

	Results and Discussions 
	Chemical Characteristics of the Steam-Exploded Substrate 
	Gas Production 
	Volumetric Gas Production Rates 
	Specific Gas Production Rates 

	The Effect of the Operating Temperature 

	Conclusions 
	References

