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Abstract. Colloid mills and extruders are widely used for disintegrating wet fibrous biomass.
However, their main disadvantages are a high energy requirement in the range of hundreds or thousands
of kWh per ton of material, and the fact that they grind in process cycles. Efforts have therefore
been made to design a new type of continuously operated grinder. Its disintegration principle uses a
roller-plate grinding system with sharp-edged segments, where the compressive and shear forces combine
to comminute the particles. Test experiments verified that the grinder disintegrates wet untreated
straw to particles below 10mm in an effective manner in a single pass, with an energy requirement of
50 kWh t−1 TS. A 23% increase in biogas yield was achieved, leading to a net gain in electric energy of
310 kWh t−1 TS.
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1. Introduction
Biogas plants currently in operation are based on the
treatment of lignocellulosic biomass, which can be
found in materials such as agricultural and forestry
wastes, municipal solid wastes, waste paper, wood, and
energy crops. These lignocelluloses are generally com-
posed of cellulose, hemicellulose, lignin, and organic
and inorganic compounds. Hydrolytic, acidogenic
and acetogenic microorganisms in an anaerobic batch
subsequently transform cellulosic and hemicellulosic
fractions through saccharides, alcohols and fatty acids
into hydrogen, carbon dioxide and acetic acid, which
are finally converted into biogas by methanogenic bac-
teria. However, the composite structure of native
lignocellulosic materials makes them resistant to mi-
crobial attack. In his review [1], Pandey points out
that the biodegradation of native untreated lignocellu-
loses is very slow, and that the extent of degradation
is often low and does not exceed 20%. The composite
structure of lignocellulosic biomass must therefore be
intensively disrupted and defibred in order to increase
the accessibility of the cellulose and hemicellulose and
the effectiveness of the hydrolysis [2]. A large number
of pretreatments have been tested by many researchers.
These methods can be broadly classified into physical,
chemical, physicochemical, and biological processes
[3]. A combination of two or more pretreatments is
sometimes applied. The general aim of pretreatment
is to change the properties of the biomass in order to
prepare lignocelluloses for microbial attack. An effec-
tive and economical pretreatment method increases
cellulose accessibility and enhances complete solubili-
sation of a polymer to monomer sugars without the
formation of degradation products [4].

Mechanical pretreatment is the simplest technique
for effectively disrupting the lignocellulose matrix. It
improves the biodegradability of the native substrates
by breaking large structures into shorter chains, thus
making the biodegradable components more accessible
to microorganisms. Mudhoo [5] reported that disin-
tegration enhances methane production from 5% to
25%. In addition, Hendriks et al. [4] showed that the
anaerobic digestion time.is reduced by 23–59% when
biomass is disintegrated. The impact of mechanical
disintegration on biogas yield has been studied by
many researchers [3,6,7,8]. Junling et al. [6] studied
the effect of wheat straw particles on biogas yield
and on residue production in anaerobic technology.
The biogas tests were carried out with wheat straw
lengths of 100, 50, and 10mm under mesophilic condi-
tions at a temperature of 35 °C. The test showed that
the biogas yield increased with a decrease in particle
size. Considering the biggest benefits in biogas yield,
that the disintegration of wheat straw into particle
sizes of 10mm is more appropriate. Junling et al. [6]
concluded that the biggest increase in biogas yield
resulted from disintegrating wheat straw into parti-
cles 10 mm in size. Sharma et al. [7] studied the
effect of wheat straw particle size on the efficiency
of biogas digesters operating on agricultural and for-
est residues. The total biogas production of wheat
straw increased with decreasing particle size. Sharma
et al. [7] found that the total biogas production for
particle sizes of 0.088, 0.40, 1.0, 6.0, and 30mm was
362, 360, 350, 330, and 235Nm3 t−1 TS, all with a
volumetric concentration of methane in the biogas of
58%. Based on the data mentioned above, it can be
concluded that the biogas yield generally increases
with decreasing particle size of the biomass. However,
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there are also lower limits for particle size. Izumi
et al. [8] found that hydrolytic microorganisms are
able to degrade cellulose and hemicellulose very ef-
fectively for fibrous food wastes less than 1mm in
length. However, they observed rapid generation of
fatty acids during hydrolysis. This reduced the acidity
of the fermentation batch, leading to the inhibition
of methanogenesis. Moreover, a comparison of the
biogas yields of 362NmtTS for wheat straw particles
of 0.088mm and of 330Nm3 t−1 TS for wheat straw
particles of 1.0mm [7] showed that there is only a 3%
increase in the biogas yield. This difference is negligi-
ble from the industrial point of view, and the efficient
particle size of wheat straw in relation to biogas yield
therefore ranges between 1–10mm.

Although mechanical pretreatment has been shown
to have a significant impact on enhancing biogas pro-
duction, a major disadvantage of its use is the high
energy requirement [9]. Schell and Hardwood [10]
reported that mechanical disintegration itself can con-
sume up to 33% of the electricity required for the
whole technology. Kratky and Jirout [9] reported that
the energy requirement generally depends on machine
variables, on the initial and final particle sizes, and
on the amount of processing, the composition and
the moisture content in the biomass. On the basis of
experiments, Deines and Pei [11] generally concluded
that the specific energy increases with a decrease in
the final particle size. Smaller particle sizes tend to
result in higher biofuel yield, but require more energy.
To find the optimum particle size, it is important to
know the relationships among particle size, energy
demand and biogas yield. Knife, hammer, roll, colloid
mills and combined extruder-colloid mill units are
widely used for disintegrating lignocellulosic biomass
[12]. Yu et al. [13] studied the energy requirements of
hammer mills. Wheat straw with an initial moisture
content of 8.3% wet basis and 20–50mm in length was
used in the experiments. Using screen sizes of 0.794,
1.588, and 3.175mm, they observed energy require-
ments of 51.55, 39.59, and 10.77 kWh t−1. The energy
requirement for reducing wheat straw with a moisture
content of 4–7% wet basis using a hammer mill was
also studied by Cadoche and Lopéz [14]. They found
that the energy requirement for reducing straw from a
particle size of 22.4mm to 3.2, 2.5, and 1.6mm using
a hammer mill were 21, 29, and 42 kWh t−1, while
for reducing straw from a particle size of 22.4mm to
6.3, 2.5, and 1.6mm using a knife mill, the energy
requirement was 5.5, 6.4, and 7.5 kWh t−1. Hideno
et al. [15] worked on determining and comparing the
energy requirements for rice straw disintegration using
a colloid mill and using a ball mill. The aim of their
study was to reach a final particle size lower than
2mm (the initial particle size is not mentioned in the
paper. Using a ball mill, saccharide conversion of al-
most 90% was achieved with a process time of 1 hour,
with an energy demand of 30000 kWh t−1. For the
colloid mill, saccharide conversion of almost 80% was

achieved after 10 processing cycles, with an energy
demand of 1500 kWh t−1. Combined extruder-colloid
mill disintegration units are the most effective size
reduction machines for disintegrating wet fibrous ma-
terials. Sabourin [16] states that the typical energy
requirement of this machine is 100–200 kWh t−1. If the
disintegrated material is sprayed with a weak solution
of sulphuric acid or nitric acid, the energy requirement
usually decreases to 120–130 kWh t−1. According to
previous data, hammer and knife mills are widely used
in biomass size reduction technologies due to their low
energy requirement in relation to particle size. How-
ever, their main disadvantage is when disintegrating
biomass with a moisture content in excess of 20wt%
[9]. Wet material usually gets plugged in the drum
sieve, so the material cannot pass through the sieve,
and there is also a problem with achieving fine par-
ticle sizes. Colloid mills and extruders are the most
widely used machines for disintegrating biomass with
a moisture content in excess of 20wt% [9]. However,
when a wet disc mill is used, it makes the operation
require high energy, and it is usually necessary to
mill in processing cycles. It is usually not possible to
achieve the required final particle size for subsequent
processing in a single pass through these machines.
This statement was endorsed by Diószegi et al. [17].
Diószegi et al. evaluated the efficiency of the Shark
comminuting machine for disintegrating wheat straw
particles 4mm in size. This grinder works on the
principle of the colloid mill. Its grinding chamber
is composed of a rotating disc that exerts enormous
shear forces on the particles in an aqueous batch at
a concentration up to 2.5wt%. The results showed
strong dependence of the final particles on the number
of processing cycles, the soaking time and the input
sizes of the straw particles.

All materials with moisture over 20wt% that are
fed in large quantities into biogas technologies should
be disintegrated in colloid mills or extruders. However,
the energy requirements of these grinders are in the
range of hundreds or thousands of kWh per ton of
material, and the biomass must be ground in process
cycles to achieve the required particle size. The size-
reduction machinery presently operating at biogas
plants is not capable of disintegrating wet fibrous
biomass effectively. Efforts have therefore been made
to develop a new type of grinder that can be used for
continually reducing the size of wet fibrous biomass
to the required particle sizes in a single pass through
the grinder. Our paper presents tests carried out on
the grinder for disintegrating wet fibrous biomass,
verifying its efficiency through experiments aimed
at quantifying its energy requirements in relation to
particle size, and its impact on the structure of the
straw and on biogas production.

114



vol. 55 no. 2/2015 Mechanical Disintegration of Wheat Straw

Figure 1. The principle of particle disintegration in a retting mill: scheme of the grinding system (left) [18], impact
of the forces on a particle (right).

2. Materials and Methods
2.1. Retting mill
A new prototype of a pilot grinder for disintegrating
wet fibrous biomass was developed in cooperation with
the company Prokop Invest, see Figure 1. The idea of
this grinder [18] is to combine crushing and cutting
size reduction methods, i.e., to apply compressive and
shear forces to the biomass particles. From the point
of view of design, shear forces are easily generated
in roller-roller or roller-plate grinding systems, while
compressive forces can be generated by compressing
particles between grinding segments that are fitted to
both the roller and the plate. The roller-plate grinding
system is more advantageous, because it is easier to
design and there are lower investment costs for the
equipment. Moreover, if the plate is appropriately
curved, see Figure 1A, the length of the milling gap
is extended. This geometrical modification ensures
enough space for installing multiple rows of grinding
segments and therefore a more intense effect of the
shear forces on the raw material, see Figure 1B. After
entering the grinding chamber, the biomass particles
are first exposed to the impact of compressive forces
FP, and they are crushed. The reduced particles are
subsequently fed into the milling gap, where they
are exposed to shear forces FS, and are sheared and
defibred.
The basic design of the pilot grinder is shown in

Figure 2. The milling chamber is formed by a horizon-
tally placed roller (1) and a plate (3), which are placed
in a cradle (2). The sharp-edged grinding segments
are fitted in rows to the circumferential surface of the
rotor. These grinding segments are placed in the mid-
dle row parallel to the axis of rotation, in which the
outer rows are alternately inclined at an angle. This
geometrical configuration ensures that the material is
continuously pulled into the milling gap and is moved.
The grinding plate (3) in its upper position is mounted
in the rotating cradle (2) in the region of input neck
of the material (4). The position of the grinding plate,
i.e. the height of milling gap, is easily adjustable to-
wards the rotor by screws (5) which support its lower

Figure 2. Design of a retting mill [19] (1–rotor, 2–
cradle, 3–plate, 4–input neck, 5–adjustment screws,
6–drum sieve, 7–control cover).

portion. The grinding plate is also equipped with
several rows of sharp-edged grinding segments. The
rotor (1) is closed circumferentially from the lower
edge of the grinding plate (3) to the input neck (4), by
the drum sieve (6), which incorporates holes 5 mm in
diameter. The control covers (7) are used as a control,
or as openings for cleaning.
The variable parameters of the grinder are the

amount of biomass for processing, the gap size, the
rotational roll speed, the flow rate and the temper-
ature of the hot water. Hence, the effectiveness of
the grinder is evaluated by the energy requirement
for comminution, by the changes in microstructure,
and also by biogas tests of the treated material. The
energy requirement is determined on the basis of mea-
surements of the total active power PACTIVE over time
t by the PLA33C power line analyser. The mill is
first run with no load, in order to establish a baseline
for the total active power under no-load conditions
(without wheat straw). Once the baseline has been
recorded, wheat straw is milled under the adjusted
process parameters. The measured parameters are
also simultaneously recorded. To evaluate them, the
dependence of total active power on time is recalcu-
lated to kilowatt-hours per ton. This means that the
measured kilowatts per time period are converted to
kilowatt-hours and are divided by the kilograms of
milled biomass, which is converted into tons.
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2.2. Test material
Wheat straw is one of the most common agricultural
wastes, and is also a typical representative of lignocel-
lulosic biomass. Its worldwide production has been
estimated to be 611 · 106 t r−1 [20], and it is mainly
used in agriculture as a feed or for bedding, and also
as an element in compost. It is also used in the pulp
industry and as a feedstock in biogas plants. Wheat
straw was therefore used in the experiments. The
straw was cut by a harvester in the field, and was
collected and stored in containers at ambient temper-
ature in our laboratory. The straw was approximately
200mm in length. It was characterized by an analysis
of the total solids content (TS), the volatile solids
content (VS), the chemical oxygen demand (COD),
and its composition. The total solids content of the
wheat straw was equal to 93wt% and the volatile
solids content was equal to 81wt% TS. The total
solids content was determined by standard drying of
5 samples in a Binder FD53 oven at a temperature
of 105 °C up to constant mass of the samples. The
volatile solids content was investigated by standard
burning in an LE 09/11 furnace at a temperature
of 550 °C up to constant mass of the samples. The
mass of the material was measured using an SDC31
analytic balance. The chemical oxygen demand value
for wheat straw was 978 g kg−1, i.e., 1051 g kg−1 TS.
This was determined from dispersed suspension straw-
distilled water by the dichromate micro method with
spectrometric ending, see Section 2.4. The wheat
straw composition was characterized by an analysis
of cellulose, hemicellulose, lignin and ash, which was
carried out by the thermo-gravimetric method [21],
and by an elementary analysis in an Elementar Vario
EL III. The tested wheat straw was composed of
34.1wt%TS in cellulose; 37.0wt%TS in hemicellu-
lose content; 22.8wt%TS in lignin, and 6.1wt%TS
in ash. An elementary analysis of the wheat straw
showed that the amount of carbon was 39.2wt%TS,
the amount of hydrogen was 41.62wt%TS, and the
amount of oxygen was 5.22wt%TS.

2.3. Chemical Oxygen Demand
The chemical oxygen demand (COD) of a homoge-
neous suspension was evaluated by the standardized
dichromate semi-micro method with spectrophotomet-
ric ending, where Spectroquant No. 114541 cuvette
tests were used. For the samples with large straw
particles, mechanical disruption was first carried out
in order to increase the homogeneity, but care was
taken not to change the nature of the sample. Five
parallel measurements were taken, and the result is
the average of the measured values.

2.4. Biogas Tests
To evaluate the impact of mechanical disintegration on
the biodegradability of the wheat straw and especially
on the biogas yield, the so-called Biochemical Methane
Potential test was performed for untreated and milled

wheat straw, in accordance with the VDI 4630 Euro-
pean standard [22]. Anaerobic digesters were designed
as glass bottles with a capacity of 120ml, with gas-
tight caps, where a volume of 80ml represented an
anaerobic batch and the remaining volume of 40ml
was the storage area for the biogas that was generated.
The mixture of straw and inoculum was filled into the
digesters and was incubated under mesophilic condi-
tions at a constant temperature of 35 °C by placing it
in a room with a controlled temperature. The initial
loadings of inoculum were 0.3 and 0.5 g g−1 (COD of
the tested material, VS of inoculum). The seeding
sludge from the anaerobic digester of the wastewater
treatment plant in Liberec (CZ) was used in these
experiments. Its characteristics were as follows: to-
tal solids 31.4 g l−1; volatile solids 16.2 g l−1; volatile
solids 52.1wt%, and COD 25.2 g l−1. The digestion
units were shaken by hand once a day. The increase
in biogas yield was monitored on a daily basis after
the sludge mixture had been agitated, except at the
beginning of the test, when the increase in biogas
volume was evaluated more frequently. The amount
of biogas was determined by its displacement in a gas
burette over a salt solution to prevent loss of CO2 by
absorption. The anaerobic digestion test was deemed
completed when the volumetric changes were lower
than 1% of the total biogas volume. The quality of the
biogas (CH4 + CO2) was analysed by a GC8000TOP
gas chromatograph. All biogas production values are
given under standard conditions (0 °C and 101.3 kPa).
The volume of biogas at standard temperature and
pressure conditions was calculated after corrections
for the effects of room temperature and water vapour
pressure.

2.5. Biodegradability
The evaluation of the biodegradability of the wheat
straw was based on knowledge of its chemical oxy-
gen demand. The theoretical methane production
YCH4TEOR, which is defined by VDI4630 [22], was cal-
culated according to Equation (e1). As soon as the
volumetric methane content in the biogas was known,
the total theoretical biogas production YBGTEOR was
calculated according to Equation (e2). All of these
results are given under standard conditions (0 °C and
101.3 kPa).

YCH4TEOR = 350 COD, (1)

YBGTEOR = 350 COD 100
vol% CH4

. (2)

Based on Equation (e1), it can be concluded that
1 ton of added COD corresponds to 350Nm3 of
methane. Considering this relationship, biodegrad-
ability X was therefore defined as the ratio of net
substrate biogas production YCH4 achieved in the
experiments, to the theoretical biogas production:

X = YCH4

350 . (3)
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Figure 3. Macrostructure of wheat straw: A) before disintegration, B) after disintegration.

Figure 4. Microstructure of wheat straw: A) before disintegration, B) after disintegration.

3. Results and Discussion
3.1. Size reduction of wheat straw by

the retting mill
Lignocellulosic biomass is usually inputted into biogas
technology with moisture content above 20wt%. It
was therefore necessary to hydrate the wheat straw
and to reach the state of the straw that is processed
on an industrial scale. The tested amount of wheat
straw was therefore first soaked in hot water at a
temperature of 60 °C for a residence time of 10min in
order for it to be hydrated. In this way, a moisture
content of 40wt% was reached before it was used in
the experiments.

The first test experiments with the newly-developed
grinder were performed to find the optimum roll-sieve
gap and the optimum rotational roll speed. The opti-
mal roll-sieve gap and the rotational roll speed were
considered to be the state in which straw does not
accumulate in the roll-sieve gap and passes contin-
uously through the holes of the sieve-drum, with a
minimum residence time and a maximum reduction
in size. The roll-sieve gap was changed in the range of
0.1–5mm and a rotational roll speed in the range of
50–500 rpm during these experiments. The first major
limiting process was the size of the milling gap. It was
founded that its size must be as small as possible to
achieve the most effective influence of the compressive
forces. The second limiting process was associated

with a rotational speed over 200 rpm. An accumu-
lation of both untreated and disintegrated straw in
the milling chamber was observed. This effect was
definitely caused by the high centrifugal force values.
The straw only circulated together with the roller,
and the particles did not drop through the sieve-drum.
Conversely, the third limiting process was associated
with a rotational speed lower than 130 rpm, where
clogging of the milling chamber with disintegrated
straw was observed. The milling gap was gradually
filled until it was entirely blocked. Due to the low
centrifugal forces, there was no driving force to get
the particles through the holes in the sieve. Therefore,
on the basis of the experiments, a roller-sieve gap of
0.1mm, and a roller speed in the range of 150–170 rpm
are considered to be optimal settings for the grinder
for wet wheat straw disintegration.
Deines and Pei [11] found that the specific energy

increases with an increase in rotational speed. The
energy requirement was therefore determined for the
worst state, i.e., for the highest possible rotational
speed. The process parameters during the experi-
ments were as follows: roller-sieve gap 0.1mm, roller
speed 170 rpm, holes in the drum-sieve 5mm, and
continual manual feeding of wet straw into the milling
chamber followed by continual spraying of water. A
comparison of the initial and final particle sizes is
depicted in Figure 3. Figure 3A shows that the ini-
tial particle sizes were up to approximately 200mm,
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Figure 5. A typical measurement record – dependence of total active power over time.

and the particle sizes of the straw after disintegration
were visually up to 10mm, with a smooth surface,
see Figure 3B. These results show that there is a
demonstrably very high reduction in size. Moreover,
detailed photos of the microstructure were obtained
by scanning the sample with an Olympus LEXT OSL
3000 laser confocal microscope. These snapshots are
depicted in Figure 4. As expected, the microstructure
of the untreated wheat straw, see Figure 4A, was pre-
sented as a compact lignocellulosic matrix. However,
a comparison of the structure of the untreated and
treated straw shows that the structure after milling is
very well-disrupted, see Figure 4B. The cellulosic fibres
and significant ruptures in the structure are clearly
visible. Both of these effects could have a strong effect
on the digestibility of the wheat straw, and there is
great potential for increasing its biodegradability and
also the biogas production.

A typical record of measurements of the energy re-
quirements for mechanical disintegration by a retting
mill is plotted in Figure 5. It shows the dependence
of total active power on time for a 5 kg amount of
processed wet wheat straw. Using the trapezoidal
method of numerical integration to dependence of
total active power on time, it was calculated statis-
tically that the energy requirement for disintegrat-
ing wet wheat straw by a retting mill with specific
production of 120 kg h−1 m−1 was 30 ± 3 kWh t−1,
i.e., 72 kgTSh−1 m−1, with an energy demand of
50 ± 5 kWh t−1 TS. The peaks in Figure 5 were caused
by manual feeding of wheat straw into the milling
chamber of the retting mill. The energy requirement
of 10 kWh t−1 TS, which covers the passive resistance
of the retting mill, must also be taken in account. It
was determined on the basis of the minimum rota-
tional speed when the roller began to revolve. The
energy requirement of a retting mill is very close to
the energy requirement of a hammer mill [14], which

is 20–42 kWh t−1 to produce final particle sizes of
3.2–1.6mm. A crucial difference between the energy
requirements for a retting mill and for a hammer mill
is that the retting mill disintegrated wet wheat straw
with 40wt% moisture, while the hammer mill disinte-
grated dry wheat straw with 4–7wt% moisture. The
grinding principle of the hammer mill is based on the
dynamic impact of compressive forces on dry brittle
biomass particles between grinding segments. The
hammer mill is therefore able to grind only biomass
with a moisture content up to 15% in an energy-
efficient manner. The reason for this is that with
increasing moisture there is a decrease in the elastic
modulus of biomass particles. There is therefore a
decrease in the impact of the compressive forces, the
biomass particles are more elastic, and this makes the
particles resistant to cutting. Hammer mills can be
used for comminuting lignocelluloses with a moisture
content of above 10–15% (wb). However, the drum
screen can become plugged, and it is therefore difficult
to produce final particle sizes of 1–2mm. However, all
experiments were carried out with straw with a 40wt%
moisture content. The energy requirement must there-
fore be compared with the energy requirements of ma-
chines that are used for milling wet fibrous materials,
i.e. ball mills, colloid mills or extruders. The energy
demand is typically 30000 kWh t−1 to produce particle
sizes below 2mm for a ball mill [15], 1500 kWh t−1 to
produce particle sizes below 2mm for a colloid mill
[15], and 200 kWh t−1 for a combined colloid mill and
extruder [16]. These high values are caused by the
need to grind in cycles – due to the longer grinding
time there is a higher energy requirement. If the en-
ergy requirement of a retting mill, i.e., 50 kWh t−1 TS,
is compared with these values, it is clear that the
energy required for a retting mill to produce particle
sizes of the same order is significantly lower than for
widely-used commercial machines. There is also a
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Figure 6. Dependence of specific biogas production over time related to TS.

Sample/loading Specific production X (%)
(Nm3 t−1 COD)

YBG(AV) YCH4(AV)

Straw 0.3 445 ± 100 245 ± 55 70 ± 16
Straw 0.5 477 ± 37 241 ± 18 69 ± 05
Average 461 ± 70 243 ± 36 69 ± 10

Milled straw 0.3 491 ± 11 278 ± 6 79 ± 2
Milled straw 0.5 495 ± 19 264 ± 10 75 ± 3
Average 493 ± 14 271 ± 11 77 ± 3

Table 1. Specific biogas/methane production related
to Nm3 t−1 COD.

significant difference that is in proportion to the size
of the input/output particles. Commercial devices
always require primary crushing and grinding of raw
materials in cycles, while the wheat straw in the ret-
ting mill was milled without any preliminary crushing,
and all in continuous mode.

3.2. Impact of Mechanical
Disintegration on Biogas
Production

The results of experiments obtained after 65 days
of digestion are presented in Figure 6, in Figure 7,
in Figure 8, in Table 1 and finally in Table 2. The
specific biogas yields, expressed as Nm3 per kg COD
added or Nm3 per kg TS added, were determined
by plotting the cumulative biogas production over
time. Firstly, all measured data was recalculated
to standard conditions of dry gas. To evaluate net
biogas production, the biogas production of inoculum
was subtracted from the total biogas production of
untreated and milled straw.

Sample/loading specific production
(Nm3 t−1 TS)

YBG(AV) YCH4(AV)

Straw 0.3 467 ± 105 277 ± 62
Straw 0.5 516 ± 40 273 ± 21
Average 491 ± 76 275 ± 41

Milled straw 0.3 603 ± 13 349 ± 8
Milled straw 0.5 607 ± 23 337 ± 12
Average 605 ± 17 343 ± 11

Table 2. Specific biogas/methane production related
to Nm3 t−1 TS.

These results and calculations show a clear increase
in biogas production and also in biodegradability. The
average total biogas yield of untreated straw was deter-
mined as 491 ± 76Nm3 t−1 TS, while an average total
biogas yield of 605 ± 17Nm3 t−1 TS was achieved for
disintegrated straw, i.e., a 23% increase in the biogas
yield. These results fully correspond with experimen-
tal data published in [6,7]. The results presented by
both research teams indicate that that disintegrating
biomass to sizes of 1—10mm increases the biogas
yield by 20–40%. However, the results for untreated
straw show that there are higher standard deviation
values for loading straw-inoculum and especially for
loading 0.3, see Figure 6. These results were caused
by the digesters getting filled with non-homogeneous
straw, which had to be cut into small pieces due
to its length in relation to the dimensions of the di-
gesters. Filling the digesters with straw of different
sizes caused differences in biogas production. The
total methane yield was determined as a recalculation
of the daily biogas production, which was multiplied
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Figure 7. Dependence of specific biogas production over time related to COD.

Figure 8. Dependence of volumetric methane content in biogas over time.

by the methane content (see Figure 7). On the basis
of this data and using Equation (3), it was calcu-
lated that the biodegradability of the untreated wheat
straw was 69 ± 10% and the biodegradability of the
milled wheat straw was 77±3%, i.e., there was a 12%
increase in biodegradability.

3.3. Overall Energy Balance of Size
Reduction by the Grinder at the
Biogas Plant

Combined heat and power generators (CHP) are the
most widely-used gas processing equipment in bio-
gas plants. The average electrical efficiency value of
CHP is 38%, and the average heat efficiency value
of CHP is 47% [23]. Taking into account these effi-
ciencies, the measured average specific methane pro-

duction values in Tab.1, and the inferior calorific
value of methane being 9.94 kWhNm−3 [23], it was
determined that the electrical energy produced by
CHP is equal to 930 kWh t−1 TS for untreated straw
and 1300 kWh t−1 TS for disintegrated wheat straw,
i.e., there is a difference of 370 kWhE t−1 TS between
them. Subtracting the amount of energy required
by the grinder, i.e., 50 kWh t−1 TS, and the energy
to break the passive resistance, i.e., 50 kWh t−1 TS,
the net profit in electric energy ∆ESP is equal
to 310 kWh t−1 TS. In addition, heat is also gen-
erated in CHP by combustion of the biomethane
that is generated. The heat that is produced
amounts to 1140 kWh t−1 TS for untreated straw and
1600 kWh t−1 TS for disintegrated straw. Mechanical
disintegration therefore also increases the heat profit
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Wheat straw Input Output ∆ESP ∆HSP

QRT QEP QHP

Untreated 0 930 1140 ref ref
Disintegrated 50 1300 1600 310 460

Table 3. Energy balance for pretreatment (all values
in kWh t−1 TS).

by 460 kWh t−1 TS, i.e., by 40%.

QEP = ηEqCH4YCH4AV (4)
QHP = ηHqCH4YCH4AV (5)

Mechanical disintegration of fibrous materials also
has a significant impact on the energy requirement for
the whole biogas technology. Kratky and Jirout [24]
studied the impact of hydration and mechanical disin-
tegration of wheat straw on the specific power needed
for sufficient mixing of the fermenter batch that was
formed by untreated/untreated hydrated/milled hy-
drated straw in water. It was concluded that both
straw hydration and mechanical disintegration signifi-
cantly improve the homogeneity and the pumpability
of the fermenter batch. The experimental data veri-
fiably ensured a 50% decrease in specific power due
to straw hydration and a 75% reduction due to straw
hydration and mechanical disintegration. Hydration
of lignocellulosic biomass and mechanical disintegra-
tion therefore decreases the energy requirements of
the mixing equipment, the pumps and the conveyers,
leading to a decrease in the energy requirement for the
whole technology and a decrease in operating costs
for electric energy.

3.4. Scale-up of the retting mill
The grinder that has been developed is a continually
milling pilot machine. For use in industrial applica-
tions, the methodology for the scale-up rules must be
defined. The disintegration principle of the grinder
is based on the mutual impact of the compressive
and shear forces on a particle, These forces are de-
rived according to the geometry of the retting mill
(the diameter of the roller, the geometry of the plate,
the geometry and the arrangement of the grinding
segments) and the process parameters (revolutions,
torque, size of the milling gap). It is assumed that
it is necessary to achieve the same force effects on a
particle in a model and in an industrial version of the
grinder. If the geometric similarity of the machines is
maintained, it is assumed that the productivity of the
grinder should be scaled by increasing the diameter
and the length of the roller. The rotational roller
speed is assumed to be transferred according to:

nIN = nLAB

(DLAB

DIN

)A

. (6)

If the compressive force is kept constant during scale-
up, i.e., the theorem of constant circumferential speed,

the value of parameter A is equal to 1. However, if the
shear force is maintained constant, i.e., the theorem
of constant specific power, then the value of A is equal
to 2/3. For safe scaling, it is recommended to consider
higher revolutions, and it is therefore better to use
the theory of maintaining the compressive force with
the value of A equal to 1.

4. Conclusions
Mechanical disintegration is an effective preliminary
step resulting in an increase in biogas yield and in the
biodegradability of lignocellulosic biomass. Grinders
presently operating at biofuel plants do not reduce
various species of biomass, particularly lignocellulosic
biomass, in an economical and effective manner. A
new grinder was therefore developed to disintegrate
wet fibrous biomass effectively. The test experiments
showed that the machine is highly efficient in disinte-
grating wet wheat straw. The machine is able contin-
uously to disintegrate wet straw 200mm in length to
particles less than 10mm in length, with an energy
requirement of 50 kWh t−1 TS, while a 23% increase
in the biogas yield was achieved due to the disintegra-
tion process. This led to a net profit in electric energy
of 310 kWh t−1 TS. All these results clearly indicate
that the grinder has great potential as a practical
mechanical technique for economical and effective pre-
treatment of fibrous biomass in biofuel technologies.
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List of symbols
A constant [–]
CH4 volumetric concentration of methane in biogas

[vol%]
CHP combined heat and power generator COD

chemical oxygen demand
[
g l−1]

DIN external diameter of roll [m]
DLAB external diameter of roll [m]
FM tangential force [N]
FP compressive force [N]
FS shear force [N]
nIN rotational roll speed of an industrial mill [s−1]
nLAB rotational roll speed of an industrial mill [s−1]
P power of a retting mill [W]
PACTIVE active power of a retting mill [W]
qCH4 inferior calorific heat of methane

[
kWh Nm−3]

QEP produced electric energy
[
kWh t−1 TS

]
QHP produced heat

[
kWh t−1 TS

]
QRT supplied electric energy of a retting mill[

kWh t−1 TS
]

rxBP specific biogas production rate
[
Nm3 t−1 h−1 TS

]
t time [s]
TS total solids [wt%]
V S volatile solids [wt%]
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wANORG ash content [wt%]
X biodegradability [1]
YBG specific cumulative biogas production[

Nm3 t−1 TS
]

YBGAV average specific cumulative biogas production[
Nm3 t−1 TS

]
YBGTEOR theoretical biogas production

[
Nm3 t−1 COD

]
YCH4 specific cumulative methane production[

Nm3 t−1 TS
]

YCH4AV specific cumulative methane production[
Nm3 t−1 TS

]
YCH4TEOR theoretical methane production[

Nm3 t−1 COD
]

∆ESP difference between produced and supplied electric
energy [kWh t

−1
TS]

∆HSP difference between produced and supplied heat[
kWh t−1 TS

]
ηE electric efficiency of CHP [1]
ηH electric efficiency of CHP [1]
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