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Abstract: Cattle manure usually contains a proportion of carbohydrates in the form of organic
residues from incompletely digested feed and farm husbandry practices. These are not usually
available for biogas production due to the long fermentation time. This paper investigates the optimal
application of alkali, NaOH and KOH and mechanical pre-treatments to improve the degradation
of the lignocellulosic content and the potential biogas yields from a local farm in Bavaria, Germany.
Parameters such as temperature, pH, soluble chemical oxygen demand, organic acids, dry matter and
volatile solids were analysed for this purpose. Alkali pre-treatments in 0.2, 0.1 and 0.05 M NaOH con-
centrations were tested in single mode and combined with shredding in batch experiments. The max-
imum increment of the soluble chemical oxygen demand during the pre-treatments took place during
the first 50 h of experimentation, and it showed an improvement of 10,060.0 ± 8% mg/L s COD after
the application of 0.2 M NaOH compared to the untreated substrate, which had an initial value
of 2145.0 ± 8% mg/L s COD. Pre-treatments with 0.1 and 0.05 M NaOH concentrations showed sim-
ilar s COD increments, with an additional 6860.0 ± 8% mg/L s COD and 8505.0 ± 8% mg/L s COD,
respectively. The pH values varied strongly after the addition of the pre-treatment chemicals, with a
continuous pH of 12 by 0.2 M NaOH during the 7 days of pre-treatment. Batch biogas experiments
were done by applying 0.05 M NaOH and 0.05 M KOH pre-treatments in single mode and combined
with shredding. The chemically pre-treated substrates showed a faster biogas production with an
advantage of 18 days in comparison to the untreated cattle manure by a biogas yield of 350.0 NL/kg
VS. All experiments were done under mesophilic conditions.

Keywords: lignocelluloses; anaerobic digestion; mechanical pre-treatment; chemical pre-treatment;
hydraulic retention time

1. Introduction

According to the current energy politics in the European Union and the Federal
Republic of Germany, one of the principal goals is the improvement of the circular economy
and renewable sources in the energy supply. The recycling and re-utilisation of agricultural
residues and animal manure in the form of biogas and liquid bio-methane/CNG as an
active energy source in the fields of traffic, heating and cooling are an important part of the
renewal energy mix planned for the time frame between 2030 and 2040. Additionally, the
improvement of biogas efficiency systems and the leakage rate of digestate storage through
the reduction of undesired methane losses is also considered to be an active measure to
decrease greenhouse gas emissions [1].

Biogas and biomethane are versatile energy sources, as they are used to produce heat,
electricity combined with heat through cogeneration systems or biofuel in the form of
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Power to X. Easy to store, they can contribute to the coverage of the energy supply without
interruptions during the base loads of the energy demand.

The object of this research is to analyse the applicability of chemical and mechanical
pre-treatment as widely used pre-treatments [2] to a farm substrate in situ and to evaluate
the improvement of the biogas yields based on the fermentation of residues from the
cattle husbandry from the farm. To aim for the economic viability of the application of
these pre-treatments, a study applying different NaOH concentrations: 0.2, 0.1 and 0.05 M,
was done. The mechanical pre-treatment was also solely applied according to the studies
about the biogas yields improvements on dependency on the lignocellulose fibre length, to
avoid unnecessary energy consumption during shredding of the substrate, as mechanical
pre-treatments are considered uneconomical and costly [3].

1.1. Lignocelluloses

Lignocellulose is the fibrous material compound of cross-linked polysaccharides,
glycosylated proteins and lignin, that forms the cell walls of plants [4,5]. The primary cell
plant walls consist of cellulose, pectin and hemicellulose [6], in which the pectic matrix of
polysaccharides entrenches the cellulose bundles together [7]. The secondary walls consist
of cellulose, hemicellulose, lignin [6,8] and some proteins, terpenic oils, fatty acids/esters
and inorganic materials, mainly based on N, P and K [9]. Hemicellulose and cellulose are
available for fermentation to bioenergies after hydrolysis [10].

Figure 1 graphically represents the structure of lignocelluloses. Lignin, which consists
of a three-dimensional polymer of propyl phenol, is embedded in and bound to the hemi-
cellulose. It provides rigidity to the structure [9], tightness and resistance against microbial
attacks and oxidative stress [11]. Cellulose, which consists of linear high molecular weight
polymers of β-D-glucose connected by glycosidic bonds [12], is the main structural con-
stituent in plant cell walls, and it is found in an organised fibrous structure [13]. Cellulose
is present in crystalline and in amorphous configurations, which is more susceptible to
enzymatic degradation [7]. Hemicellulose is composed of various 5- and 6-carbon sugars,
such as arabinose, galactose, glucose, mannose and xylose [14]. The molecular chains of
hemicellulose are much shorter than those of cellulose, which has side groups that consist
of different sugars.
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Figure 1. Lignocellulose structure and pre-treatment effect, adapted from Guan et al. [15].

The composition of lignocellulose depends on the plant species, age and growth
conditions [16]. Distribution of cellulose, hemicelluloses and lignin as well as the content
of the different sugars of the hemicelluloses and/or the ratio of monomers in lignin vary
significantly in different plants [13,17,18]. For example, hardwood contains greater amounts
of cellulose, whereas wheat straw and leaves have more hemicellulose [4]. Table 1 shows
the lignocellulosic composition of some common agricultural and energy crops.
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Table 1. Lignocellulosic biomass structures.

Biomass Resource (Plant) Chemical Composition (w/w%) Reference

Cellulose Hemicellulose Lignin

Untreated sunflower oil cake (SuOC) 27 7 14 [19]
Ensiled sorghum 25.9 ± 1.79 12.9 ± 0.32 20.7 ± 0.32 [20]

Miscanthus sinensis 37.66 ± 3.8 22.94 ± 3.71 17.35 ± 1.29 [21]
Rice Straw 35.32 ± 0.56 28.92 ± 0.01 7.88 ± 0.20 [22]

Wheat straw 41.63 ± 0.4 28.29 ± 0.6 12.45 ± 0.3 [23]
Sugarcane stalk 5.5 2 2 [24]

Sugarcane bagasse 46 27 23 [25]
Silage maize 18.39 19.59 1.43 [26]

1.2. Anaerobic Co-Digestion of Cattle Manure and Grass Silage

Agricultural residues like cattle manure and grass silage can be decomposed under
anaerobic conditions into biogas and biomethane. Anaerobic digestion (AD) is an effective
way to upgrade biological waste, producing energy in form of biogas. In addition, when
animal manure is combined with biological substrates rich in carbon, like cereal straw, the
digestate of the AD can be added to the soil of the farm as an important source of carbon
and nutrients [27]. The AD also reduces the pathogens contained in the cattle manure [28]
and its odour [27] as an additional advantage of the process. The AD of manure provides
low biogas yields because the main energy content is removed during animal digestion [29].
Anaerobic digestion combining two or more raw substrates, co-digestion [30], is considered
a way to improve the biogas yields, as the different substrates present positive synergism
and complement nutrients [31], solving imbalanced nutrition, poor buffering capacity and
ineffective microorganisms associated with mono digestion [29].

1.3. Pretreatments

The energy content of liquid manure, slurry and solid manure is low compared to
corn silage, the common biogas substrate; therefore, the goal is to tap the energy content
of lignocellulose. To accomplish this, it is necessary to make the lignocellulose structure
accessible to the bacteria. This is not easy to achieve, as it has a special biological resistance,
which hinders the energy recovery of lignocelluloses. The biodegradability and recalci-
trance of lignocellulosic biomass can be influenced by several structural and compositional
properties. These include the crystallinity of the cellulose, the available surface area for
access to biologically active agents, the degree of cellulose polymerisation, the presence of
lignin and hemicellulose, as well as the degree of hemicellulose acetylation [19]. The pur-
pose of pre-treatment is to alter these properties to improve the accessibility of the biomass
to enzymes as well as bacteria and enable a revalorisation of the lignocelluloses [10,32]
during the first step of the biogas process; the hydrolysis. Hydrolysis is considered the
limiting step, as it requires long periods [33], so the applied pre-treatments increase the
typical yields of biogas production by improving the hydrolysis during AD.

There are many different types of biological, physical and chemical pre-treatments.
Considering the applicability of pre-treatments in large-scale projects, the chemical pre-
treatment seems to have advantages compared to other methods, as it is easy to handle,
the chemicals are accessible, and it is an effective method [34]. Furthermore, chemical pre-
treatments are well-known methods for the first extraction of cellulose and hemicellulose
for biomaterials, biochemicals and bioenergy [32]. Because of this greater accessibility
and simpler and more manageable technologies in practice also for larger scale projects,
chemical and mechanical pre-treatments have been selected and investigated in single and
combined modes.

1.3.1. Mechanical Pretreatment

Mechanical pre-treatment is effective for the reduction of particle size, which increases
the available specific surface for biological activity during AD. Mechanical pre-treatments
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enable a decrystallisation of cellulose [10], and the substrate’s water retention capacity and
viscosity also improve [35]. As a consequence, there is an increase in biogas production of
up to 25% from mechanically pre-treated lignocellulosic silage materials [35].

Bruni et al., reported an improvement of the biological methane potential in mL CH4/g
VS of 8% for a fibre size reduction of up to 2 mm [36]. These increments vary depending
on the type of substrate, the kind of mechanical pre-treatment, as well as the duration and
energy consumption during the pre-treatment.

1.3.2. Chemical Pretreatment

Chemical pre-treatments relate to the application of chemicals, e.g., alkalis, acids,
oxidising agents, organic solvents or ionic liquids [16]. Pang et al., showed improvement
of the biogas yield up to 48.5% in corn stover pre-treated with 6% NaOH [34]. Pre-treated
corn stover with 2% NaOH (w/w) co-digested with cattle manure results in 25.4 to 32.01%
higher methane yields, compared to untreated substrates [37]. Some studies suggest an
improvement of the total biogas production by 45% with wheat straw pre-treated with 6%
KOH [23]. Bruni et al., show an improvement of the methane yield per gram VS of 59% by
pre-treating the digested manure biofibres with 6% CaO [36], with the advantage that the
dissociated Ca2+ ions have a lower inhibition effect during the biogas production than the
K+ and the Na+ ions [38]. Two chemicals in three different concentrations were applied for
this study: NaOH and KOH.

2. Materials and Methods
2.1. Substrate and Inoculum

The substrate was analysed directly after its collection in a local farm near the uni-
versity in Landshut. It consisted of a matrix of solid cattle manure and grass silage fibres
from animal feeding and bedding. The grass silage was stored once a year after harvesting
and used on demand. Before storage, a mill cuts the grass fibres down to an average fibre
length of 2 mm.

The inoculum was acquired from a local biogas plant in Buch am Erlbach, Bavaria,
Germany, from a biogas plant containing two reactors. The applied inoculum was obtained
after 120 days of anaerobic digestion, going once through a first hydrolytic reactor and a
second anaerobic main reactor. The regular input substrates of the biogas plant were cattle
manure, corn, whole crop silage, grass silage and sugar beet.

2.2. Pretreatment and Gas Fermentation: Experimental Conditions and Analyzed Parameters

Two pre-treatment studies were done to investigate the optimal chemical and mechan-
ical pre-treatment duration. The first study considered one week for the pre-treatment.
After the first study, and according to the obtained results, the second study considered
a pre-treatment time of 3 days. The anaerobic digestion of the pre-treated materials from
the second study was set directly after the pre-treatment experiments for 60 days. Both
phases of the experiment ran under batch and mesophilic conditions at a constant incu-
bator temperature of 37 ± 1 ◦C and under the continuous effect of an Edmund Bühler
SM 30B agitator.

The alkali NaOH and KOH, as well as the mechanical (shredding) pre-treatments,
took place in gas-tight 2-L HDPE vessels. The pH was adjusted after the chemical pre-
treatments with a 10% (w/w) HCl solution to ensure an adequate pH range from 5 to
8.5 for the AD microorganisms [2]. After that the pH adjustment, the anaerobic biogas
experiments were carried out in gas-tight 1-L Xylem MF/1000 digesters equipped with
WTW OxyTop®-IDS pressure sensors for biogas applications. The pressure sensors were
connected via Bluetooth® to a Xylem Multi 3620 data logger for the monitoring and logging
of the pressure variation during the biogas production with ±1% of measurement accuracy
within a pressure range from 500 to 1500 hPa. To avoid biological inhibition during the
fermentation, the 1-L digesters were depressurised each time 350 hPa was reached [39].
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The sample´s temperature and pH were measured using a Hach HQ40d portable
meter. According to the real operation parameter of dry matter (DM), the pre-treatment,
and the gas experiments were filled with a batch of 450 mL at a loading rate of 8% dry
matter (DM). The inoculum was added following the rate stipulated in VDI 4630.

The soluble chemical oxygen demand (s COD) and the equivalent organic acids
were analysed using a Hach DR3900 spectrophotometer and Hach LCK cuvette tests
after centrifuging the probes at 8000 RPM for 10 min with a Hettich EBA 200 centrifuge.
Mechanical pre-treatment consisting of shredding was carried out with a Brown 7 MQ
7000X food industry hand blender. Sodium hydroxide and potassium hydroxide were
applied in 50% (w/w) solutions manufactured by Roth. DM and volatile solids (VS) were
determined according to the DIN EN 15935.

Temperature, pH, s COD and equivalent organic acids were analysed at the beginning
of the pre-treatment, after the pre-treatment and at the beginning and the end of the batch
biogas experiments. Once the batch biogas experiment was finished, the gas composition was
also analysed by a Thermo Scientific Trace™, Waltham, MA, USA, 1310 gas chromatograph.

3. Results
3.1. Substrate

Throughout the year, the cattle manure dry matter varied from 16% to 24%, depending
on rainfall and air humidity, ambient temperature and feeding as well as bedding grass
silage quality and amount. During the weeks with higher ambient temperatures and less
rain, concentrations of up to 24% DM were found, and in the cold and wet months, the
cattle manure had low concentrations of up to 16% DM.

Table 2 shows the composition of the substrate, cattle manure mixed with lignocelluloses,
during the winter. The exposed cattle manure in Table 2 contains 35.2% of hemicellulose and
cellulose in dry matter, which results in a higher biogas yield after pre-treatment.

Table 2. Substrate matrix characteristics.

Dry matter (%) 16.36
Residue on ignition in DM (%) 12.04

Crude fat in DM (%) 0.98
Crude protein in DM (%) 11.40

Sugar in DM (%) 0.55
Crude fibre in DM (%) 32.98

ADF in DM (%) 49.50
ADL in DM (%) 14.90
NDF in DM (%) 60.10

Hemicellulose in DM (%) 10.60
Cellulose in DM (%) 34.60

Lignin in DM (%) 2.86
Ammonium nitrogen (mg/kg) 904.92

Copper in DM (mg/kg) 23.14
Zinc in DM (mg/kg) 125.30
Calcium in DM (%) 2.41

Potassium in DM (%) 4.31
Sodium in DM (%) 0.889

Magnesium in DM (%) 0.46

3.2. Study of the Effect of Mechanical Pre-Treatment before Shredding and Chemical
NaOH Pre-Treatment

The main parameter analysed for evaluation of the pre-treatment efficiency and
its effect on the lignocellulosic matrix contained in the cattle manure was the s COD.
It provides information about the dissolved organic material and about the degree of
oxidation of the carbon particles contained in the substrate and thus about the energy
content, but this is not an exact parameter, as 3 to 10% of these carbon atoms are used
for microbiological cell growth. There are also other compounds like nitrites, bromides,
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iodides, metal ions and sulphur compounds, which can also be oxidised and therefore
affect the measurements [40–42].

Figure 2 shows a schematic display of the 1-L experiment vessels in the incubator. The
experiment consists of four sequences; 1, 2, 3 and 4. Each sequence is repeated three times,
with vessels 1.1, 1.2 and 1.3 and their equivalents with the other sequences.
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Table 3 shows the experiment´s parameters and which kind of pre-treatment was ap-
plied per experimental sequence. Sequence 1 is done without any pre-treatment. Sequence
2 is with chemical pre-treatment. Sequence 3 is mechanically pre-treated. Sequence 4
is with chemical and mechanical pre-treatment. Table 3 also illustrates the energy input
per shredding pre-treatment and the average cattle manure weight per sequence. The
experiment took place for seven days under a constant temperature of 37 ± 1 ◦C.

Table 3. Setup parameters.

Setup Vessels
Repetitions

Chemical
Pretreatment

NaOH
(0.2 M)

Mechanical
Pretreatment

Blender
(20 s, 1000 Watt)

Average Weigh
Cattle Manure Probe

(g)

1.1/1.2/1.3 − − 200.54 ± 0.06
2.1/2.2/2.3 + − 201 ± 3083.697
3.1/3.2/3.3 − + 200.377 ± 0.173
4.1/4.2/4.3 + + 200.403 ± 0.117

This initial study confirms a considerable increase of the s COD by the application
of 0.2 M-NaOH solution, with an increase of up to 160% of the s COD compared to the
untreated cattle manure. The combination of chemical and mechanical pre-treatments by
shredding the cattle manure provides an additional increase of 30% of the s COD. Figure 3
shows the resulting increment of the s COD among the pre-treatments. The applied energy
during the shredding was 0.154 Wh/g DM. The samples had 18.20 ± 1.33% g DM and a
total of 16.03 ± 1.14% g VS. The highest increase in the s COD took place during the first
50 h of pre-treatment. This allowed the adjustment of the HRT of the hydrolysis process to
50 h, and in consequence, the dimensioning of the hydrolysis reactor volume in case of an
application in higher-scale facilities.
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According to the literature, shredding the cattle manure also provides the solubilisation
of lignocelluloses producing an s COD increment. The low s COD improvement shown in
Figure 3 in the mechanically pre-treated vessels 3.1, 3.2 and 3.3 is most likely the result of
lower amounts of lignocellulose in the cattle manure and from the low energy consumption
and short duration of shredding.

Figure 4 shows the pH variations during the experiment. In the chemical pre-treatment
vessels 2.1, 2.2 and 2.3, the average pH remained at 12 without any buffering effect from the
cattle manure. At this NaOH concentration, a pH regulation before the gas fermentation
is necessary to provide the appropriate pH for the biology of the biogas process. In the
experiment sets without chemical pre-treatments, vessels 1.1, 1.2, 1.3 and 3.1, 3.2, 3.3 showed
a decrease of the pH from values between 8.5 and 8.9 to 7.3 and 7.1. It can be assumed that
in the samples without chemical treatment biological activity, the pH decreases because of
initial acidogenesis.
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Figure 5A,B are SEM images of untreated straw. In Figure 5C,D, it is possible to
observe slight damage in the straw surface after applying the 0.2 M NaOH chemical pre-
treatment. This slight damage to the lignocellulosic structures provides a higher surface
and consequently, better biological accessibility to the hemicelluloses for the fermentation
to biogas.
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3.3. Experiments Reproducibility

The experiment shown in Table 3 has been repeated three times each to explore the
reproducibility of the experimentation. Due to the cattle manure inhomogeneity, possible
variations in the composition of up to 20% are allowed [42] within the same cattle manure
batch. The composition of cattle manure also varies over a year due to different weather,
temperature, humidity and seasonal grass harvest.

A resulting cattle manure DM of 19% and 80% for the VS has also shown good
reproducibility with errors of less than ±1% within the same sample with a CI = 95%.
The sample collection was according to the recommendations of the LfL for agricultural
fertilisers [43]. The pH and the s COD repetitions also put out a maximum error rate of 8%
by a CI = 95%.

Figure 6 shows the numerical spreading of the s COD measurement repetitions over
the digestion time of 7 days.
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3.4. Study of the Effect of NaOH Concentration on the Chemical Pretreatment with
Mechanical Shredding

Looking for the most efficient cost-effect-relation for the pre-treatment, three different
NaOH concentrations and their resulting s COD increases during the pre-treatment were
investigated: 0.2, 0.1 and 0.05 M. The duration of shredding pre-treatment was selected
according to empirical laboratory experiments, which showed a resulting maximal fibre
length of 5 cm according to Ferreira et al. [44], who found higher methane production in
order of 10.4% by milling wet straw to fibre lengths of 3–5 mm. The corresponding energy
consumption of the shredding procedure was 5.55 Wh or 27,703.0 kWh/t cattle manure
with a DM of 26.85 ± 2.42%, which corresponded to 0.10 Wh/g DM.

Table 4 shows the experimental parameters of this study. The three chemical concentra-
tions were tested in single mode and combined with mechanical shredding pre-treatment.
There were also three blind tests: A.1, B.1 and C.1.
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Table 4. Experimentation parameters: NaOH Concentration for series A = 0.2 M; series B = 0.1 M;
series C = 0.05 M.

Vessels NaOH
(0.2 M)

NaOH
(0.1 M)

NaOH
(0.05 M)

Schredder
(20 s, 1000 Watt) Cattle Manure (g)

A.1 − − − − 201.77
A.2 + − − − 201.44
A.3 − − − + 200.13
A.4 + − − + 200.19
B.1 − − − − 200
B.2 − + − − 201.25
B.3 − − − + 200
B.4 − + − + 200.38
C.1 − − − − 200.78
C.2 − − + − 200.94
C.3 − − − + 201.47
C.4 − − + + 201.81

Figure 7 displays the s COD difference after running the experiment for 24 h and 48 h.
According to Table 4, A.1 is without chemical or mechanical (shredding) pre-treatment.
A.2 is with 0.2 M NaOH chemical pre-treatment. A.3 is with mechanical pre-treatment.
A.4 is with both pre-treatments with a chemical concentration of 0.2 M NaOH. The exper-
iment series B and C are similar, but with chemical concentrations of 0.1 M and 0.05 M
NaOH, respectively. The highest s COD increase is presented after 48 h of 0.2 M NaOH pre-
treatment, with an increment of 10,060 ± 8% mg/L compared to the untreated substrate,
with 2145 ± 8% mg/L s COD. It is also possible to observe that combining shredding
with 0.1 M and 0.05 M NaOH produces similar s COD increments, with an additional
6860 ± 8% mg/L s COD in the case of 0.1 M and 8505 ± 8% mg/L s COD in the case
of 0.05 M. To optimise the economic efficiency for possible applications at higher scales,
the concentration of 0.05 M was selected for further experimentation. Figure 7 also il-
lustrates how the effect of the shredding was almost imperceptible, probably due to the
short pre-treatment time and low pre-treatment duration, with an energy consumption of
0.10 Wh/g DM.
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3.5. Study of Biogas Production with Mechanical and Chemical NaOH and KOH Pretreatments

Biogas production was also investigated by applying the results of the pre-treatment
studies. Six samples were chemically pre-treated with 0.05 M NaOH and 0.05 M KOH to
compare the effect of KOH vs. NaOH and in combination with shredding by the same
energy consumption of 0.10 Wh/g DM. After the pre-treatment, the anaerobic fermentation
was immediately started and ran over sixty days.

The biogas setup consisted of seven batches, including a batch with a blind non-pre-
treated substrate and one batch with just inoculum. To evaluate the entire process from
the pre-treatment to the biogas fermentation, the biogas yields, the pH, s COD, the total
organic acids and the final biogas composition have been analysed.

Table 5 illustrates the experimentation parameters for the gas fermentation of each
batch. The experiment was done following VDI 4630 [42], and it was run at constant
temperature conditions of 37 ◦C ± 1 ◦C and under the effect of a shaker.

Table 5. Biogas laboratory reactors and setup parameters.

Biogas Reactor

1—
Substrate
without

Pretreatments

2—
Substrate with

Mechanical
Pretreatment

3—
Chemical

NaOH
Pretreatment

4—Chemical
NaOH and
Mechanical

Pretreatment

5—
Chemical
KOH Pre-
treatment

6—Chemical
KOH and

Mechanical
Pretreatment

7—Inoculum

Fermentation batch
(mL) inc. Inoculum 477.69 475.85 480.81 479.06 476.00 478.11 471.99

Vf (m) -free gas
volume in the test

reactor
672.31 674.15 669.19 670.94 674.00 671.89 678.01

Substrate and
inoculum weight (g) 146.96 146.98 147.19 147.17 147.22 147.33 96.97

DM fermentation
batch (%) 4.32% 4.32% 4.33% 4.33% 4.33% 4.33% 1.97%

VS fermentation
batch (%) 3.43% 3.43% 3.43% 3.43% 3.43% 3.43% 1.45%

Test temperature (◦C) 37 37 37 37 37 37 37
Water (g) 335 335 335 335 335 335 375.02

Cattle Manure (g) 50 50 50 50 50 50 0
Inoculum (g) 96.96 96.98 97.19 97.17 97.22 97.33 96.97

DM cattle manure (%) 23.05% 23.05% 23.05% 23.05% 23.05% 23.05% 23.05%
DM inoculum (%) 9.61% 9.61% 9.61% 9.61% 9.61% 9.61% 9.61%

VS cattle manure of
the wet mass (%) 19.37% 19.37% 19.37% 19.37% 19.37% 19.37% 19.37%

VS inoculum of the
wet mass (%) 7.04% 7.04% 7.04% 7.04% 7.04% 7.04% 7.04%

Figure 8 shows the specific produced biogas rate in NL per kg of VS. At the end of
the experiment, the accumulated biogas production rates do not fluctuate significantly
between the different pre-treatment methods, with a tendency of approximation. Notably,
the chemically pre-treated batches 3,4 and 5 show faster biogas production at the beginning
of the anaerobic digestion, due to the already largely hydrolysed lignocellulosic materials.
This fact allows shorter retention times in the biogas reactor, having an impact on the plant’s
scale and economic costs. Batch 5 pre-treated with 0.05 M KOH shows the highest biogas
production rate and reaches the same biogas output 18 days earlier than the untreated batch
1 by 350 NL/kg VS; pre-treated batch 5 reaches this specific biogas rate at 39 days, and
the non-pre-treated batch (1) reached the same biogas yield at 57 days. After 60 days, the
biogas production rate differed between batches 1 and 5 by 11%, and they differed by 22%
after 27 days of fermentation, so both biogas amounts converge in production at the same
time. Batch 6 should present higher biogas yields, similar to the other chemical pre-treated
batches, but the resulting lower biogas production during this experiment could be the
result of lower fibre content in the batch.
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According to Henry’s law, higher amounts of CO2 are absorbed in the aqueous phase
during the biogas process at higher pressure levels [38]. After purging the setups during
the biogas batch experiment, the absorbed CO2 in the aqueous phase is released, producing
the peaks shown in the graphs of Figure 8.

Figure 9 shows the gas composition after 60 days of experimentation. Almost all the
sets present a slightly higher concentration of carbon dioxide than methane, with methane
amounts between 45 and 51%.
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Figure 10 displays the pH at the beginning and the end of the experimental stages.
During the four pre-treatment days, there was a certain pH regulation in batches 3, 4, 5 and
6, with chemical pre-treatments reflecting the buffering capacity of cattle manure, with a
variety of pH values from 8.6–7.8 to 11.5–12. A pH adjustment was still necessary for the
chemically pre-treated batches before adding the inoculum for the biogas fermentation to
get the proper conditions for the biogas fermentation bacteria [2]. The non-pre-treated batch
1 shows a slight pH reduction during the pre-treatment. It suggests a certain biological
activity, which transforms the solubilised organic matter during the pre-treatments into
acids, driving the pH to a pH 7. During the anaerobic fermentation of biogas, all pH values
remained stable, with values around 7.
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ment shown on Figure 8.

At the end of the biogas fermentation, there were high remaining s COD rates, which
indicate a residual biogas potential. Figure 11 shows the s COD throughout the experiment.
During the pre-treatment, the chemical pre-treated vessels 3,4,5 and 6 had markedly higher
solubilisation of the organic materials than in the non-pre-treated batches 1 and 2, with
rates between 3925 mg/L and 4300 mg/L s COD. Batches 1 and 2 showed low s COD
increments, with 1795 mg/L s COD in batch 1 and 946 mg/L s COD in batch 2.
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Figure 11. Soluble oxygen chemical demand throughout the pre-treatment and biogas fermentation
according to experiment shown on Figure 8.

Batch 6 had a lower s COD increment during the pre-treatment compared to the other
chemically pre-treated batches with 2400 mg/L s COD. This is probably an effect of lower
lignocellulose content, which might also explain the slightly lower biogas production rates
shown in Figure 8.

An important parameter concerning the stability of the biogas process is the total
organic acids. In Figure 11, almost all the batches display stable total organic acid rates
lower than 2000 mg/L, which characterises a stable biogas process [45]. The chemically
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pre-treated batches (3, 4 and 5) showed initial higher values compared to the other batches
with more than 2000 mg/L. This follows the higher hydrolysed and solubilised organic
materials during the same period shown in Figure 11 and with the pH decrease shown in
Figure 10, in addition to the buffering capacity of cattle manure.

After the biogas fermentation, there were still residual rates of over 1000 mg/L of total
organic acids, which proves a remaining microbial activity in all batches and a residual
biogas potential.

The higher rate of organic acids of batches 3, 4 and 5 after the chemical pre-treatments
could also explain why the biogas production rate of these batches is slightly lower than
the biogas rate of the non-chemically pre-treated vessels during the first five fermentation
days (see Figure 8), as the organic acids can initially inhibit the methanogenic bacteria’s
activity. The initial inoculum-to-substrate ratio and working temperature can also influence
the organic acids and other primary products of hydrolysis like the s COD [46].

4. Discussion

Chemical pre-treatments increased the solubilisation of the contained lignocelluloses
in the cattle manure matrix in low 0.05 M NaOH and 0.05 M KOH concentrations, with
increments between 40 and 62.5 mg/L s COD per g DM. This can also be observed in the
higher organic acids amount after the hydrolysis shown in Figure 12, with increments up
to 17 mg/L total organic acids per g DM. Consequently, a higher biogas production rate
is expected.
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Figure 12. Organic acids throughout the pre-treatment and biogas formation.

After an initial slight inhibition of approximately 5 days in the chemical pre-treated
batches, there is a faster biogas production with 350 NL Biogas/kg VS in the 0.05 M KOH
pre-treated batch 5 vs. 290 NL Biogas/kg VS in the non-pre-treated batch 1 after 39 days
of fermentation. Batch 1 reached the same biogas amount after 57 days of fermentation.
This provides an advantage of 18 days from applying chemical KOH pre-treatment, which
influences the HRT and the economic viability of the biogas plant in the case of application
on higher scales. The accumulated biogas production rates of the non-pre-treated batch (1)
also approached the biogas yields of the chemically pre-treated batches (3, 4 and 5) after
60 days of fermentation, so the expected total biogas rates after a completed process of
fermentation were similar.
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5. Conclusions

The dimensioning of biogas reactors with chemical pre-treatments applying concentra-
tions of 0.05 M KOH in larger scales can be improved through the HRT and be consequently
reduced by 18 days by sizing the reactor for 350 NL Biogas/kg VS, providing a positive
economic impact on the expenses for materials, reactor size and on the surface as well as
space demand. The following calculation example weighs in on the advantages.

If a biogas quantity of 350 L/kg VS is set as the yield time, this goal is reached after
57 days without alkaline pre-treatment and after 39 days with alkaline treatment. This
results in a shortening of the retention time in the heated tank by 18 days. With a daily
fermentation volume of 50 m3 of an 8% suspension, the fermenter can therefore be built
1000 m3 smaller. Correspondingly, 1000 m3 fewer fermenter contents need to be constantly
heated, which should also reduce heat losses. With specific investment costs for fermenters
of 200–400 €/m3 [47], this results in savings in investment costs of at least 200,000 € [48].

The mechanical shredding pre-treatment with an energy consumption of 0.10 Wh/g
DM applied in single mode or in addition to the chemical pre-treatment does not confirm a
significant advantage to either COD or the biogas yields.

Further investigations concerning the application of pre-treatments on larger scales
are required regarding the process engineering and economic impact. Aspects like the
dosage technique and application frequency of the pre-treatment chemicals, the limits of
dry substance load in the reactor and medium viscosity, chemical compounds and their
accumulation because of the chemical addition remain to be investigated.
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