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Enhancing anaerobic digestion of wheat straw through multistage milling
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The effects of a mechanical pretreatment, carried out by a two stages mill followed by
fractionation into two different products, were determined on the biodegradability and
methane yield of wheat straw. Straw was chopped in a knife mill to an average length of
about 30 mm, and a portion was used as reference material. Pretreatment reduced the size
of the processed straw, whose median particle size was 300um and 1200um for the fine
and the coarse fractions, respectively. Untreated and pretreated materials were
anaerobically digested in batch reactors under mesophilic conditions for 28 days. The
methane yield of raw material was 167.8 Nm? tys, whereas the pretreated material reached
an average methane yield of 250.6 Nm3 tys™, showing a 49.3 % gain on VS basis compared
to the feedstock. The finest fraction of the processed material reached a methane production
of 264.7 Nm?3 tys™*. The specific electric energy consumption was 66.6 kWh per ton of
processed material. The energy efficiency was high, since consumption was only 23.7 %
of the gross electric energy gain available after pretreatment. These results proved that the
investigated pretreatment could be successfully implemented to improve methane
production efficiency in anaerobic digesters.
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1. INTRODUCTION

Within the European Union, 14,572 biogas plants reached
an installed electrical capacity of 7.85 GW in 2013, and 47.5
TWh of electricity were delivered to the network. A 62 % of
these installations (9,035) was concentrated in Germany,
followed by Italy with 1,391 plants, 80 % of which (1,121)
were fed with substrates from agriculture. The number of
biomethane plants on the same year was far short, 282 units
with a strong domination of Germany (154 plants).
Biomethane industry in Italy was still at a very early stage (2
plants) [1].

In October 2014, the Italian Ministry of Economic
Development introduced the obligation of placing primarily
on the Italian fuel market the so-called "advanced biofuels",
that are those, including biomethane, being produced
exclusively from specific feedstock, such as straw, corn stover,
forest residues, and dedicated lignocellulosic crops. The
mandatory share of advanced biofuels in the transport sector is
set at 1.7 % of the energy demand for the year 2018, to grow
up to 2 % in 2022 [2]. Using biomethane significantly reduces
pollutant emissions compared to gasoline and diesel powered
engines, and is also well below the levels of biodiesel [3].

The residues of the agricultural activities in the European
Union exceed 200 million tons every year and they are mostly
constituted by cereal straw, which represents the most
abundant biomass available in the Union for bioenergy
production [4]. It is mostly left for mulching or burned on the
field, and it is thus available in considerable quantity and at
low-cost.

Despite its abundance and its strongly encouraged use,
straw, and more generally lignocellulosic residues, is of very
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limited use for methane production because of its low
biodegradability. In the anaerobic digestion of lignocellulosic
materials, the difficulty of hydrolysis is the limiting factor of
the process. In this first step, different bacterial strains operate
the degradation of complex organic substrates - proteins, fats
and carbohydrates - producing simpler compounds such as
amino acids, fatty acids and soluble monosaccharides, which
are thus made available for transport into the cells of
acidogenic microorganisms. Lignin, resistant to anaerobic
degradation, acts as a binder in the lignocellulosic matter, and,
therefore, constitutes a physical barrier to the enzymatic action
on the hydrolysable carbohydrates. To overcome this obstacle,
physical, chemical and biological pretreatments, and their
combinations, have been developed to disrupt the
lignocellulosic structure to favour cellulose and hemicellulose
accessibility to enzymes.

Chemical or physic-chemical pretreatments are often not
economically attractive due to the high cost of chemicals and
the need for their recovery and/or treatment of the liquid
effluent [5]. They also have several drawbacks with regard to
anaerobic digestion processes. The diluted sulfuric acid
pretreatment, probably the most common process, results in
the production of hydrogen sulphide (H.S) which seriously
deteriorates the quality of gas. Moreover, inhibitors are formed
during pretreatment of lignocellulosic biomass at high
temperatures and acidic conditions, i.e. furfural, 5-
hydroxymethylfurfural and phenolic compounds that usually
inhibit the microbial growth and fermentation, resulting in low
biogas production [6, 7]. Maleic acid pretreatment, which
showed promising results for bio-ethanol, resulted in a strong
reduction in methane production from straw and hay [8].

Alkali pretreatment is more compatible with subsequent



anaerobic digestion than acidic treatment, since any alkali
remaining with the treated solids is useful in the anaerobic
digestion, which requires alkalinity addiction for pH control.
A mild alkaline pretreatment of wheat straw with NaOH — 4 %
and very long residence time (120 h) at 37 <C - produced
111.6% more methane than the untreated substrate, reaching a
yield of 165.9 Nm? tys™* over 35 days of digestion [9].

Another mild alkaline pretreatment of wheat straw, carried
out at 40T for 24 h with the addition of 10 % NaOH, increased
the methane yield by 43 %, reaching a production of 293 Nm?
tys™ after 31 days of digestion. The same NaOH concentration
and 30 minutes residence time at 100<C, produced a methane
yield of 341 Nm3 tys?, corresponding to a 67 % gain as
compared to the untreated substrate [10].

Wheat straw biodegradability during anaerobic digestion
was also improved by treatment with potassium hydroxide
(KOH). A biomethane yield of 258 Nm?® tys™ was obtained
over 40 days of digestion, resulting in a yield gain of 41% as
compared to untreated straw; pretreatment required 6% KOH
(w/wrs) and residence time of 72 h at room temperature [11].

Among physic-chemical processes, wet explosion of wheat
straw (heating at 180<C and 10 bar pressure with H,O, as
oxidizing agent) resulted in a slight reduction of methane
production [12], and this was most probably due to the
formation of inhibitory compounds [13].

In the field of physical pretreatments, steam explosion has
received substantial attention for both ethanol and biogas
production. Steam exploded wheat straw reached a methane
production of 273 Nm3 tys™ after treatment at 220 <C, 23 bar
and 1 minute residence time, resulting in a 20 % increase in
methane production compared to untreated straw. For more
severe conditions, the biodegradability decreased due to a
possible formation of inhibitory compounds [14]. In another
steam explosion experiment, the biological methane potential
of the non steam exploded, ground wheat straw did not
significantly differ from the best steam explosion treated
sample (286 Nm? tys), which was achieved at a pretreatment
temperature of 140 <C and a retention time of 60 min [15].

Thermal-expansionary pretreatment combines the boiling
of an aqueous biomass suspension under high pressure
followed by rapid decompression. Following 20 minutes
residence time at 170 <C, a methane yield of 360 Nm? tys* was
achieved after 60 days of digestion, gaining 41 % respect the
untreated raw material [16].

Microwave heating was also used to improve the
degradability of cereal straw. Despite the strong increase in
methane yield of the substrates, the process resulted not

sustainable, because of the high demand of electric energy [17].

The  cellulolytic  anaerobic  bacteria  Clostridium
cellulolyticum were adopted to improve the biochemical
methane potential of wheat straw, which reached 342.5 and
326.3 Nm? tys™ after 36 days of digestion and 24 and 60 hours
of incubation respectively, with an increase of 13.0 % and
7.6 % compared to the raw material [18].

Biomass size reduction, or comminution, is a mechanical
pretreatment whose objective is to increase the specific surface
area available, thus facilitating the exchange of mass and heat
and the action of anaerobic microorganisms. The comminution
also causes a reduction of the crystallinity of the cellulose and
its degree of polymerization. In order to achieve a greater
hydrolysis capacity of the biomass and reduced times of
digestion, it is necessary to produce fragments not larger than
1-2 mm [19]. The great advantage of this pretreatment is the
absence of any effluent, while the high demand of electric
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energy is the main drawback.

Koullas [20] reported that the efficiency of conversion of
carbohydrates increased from 17 % to 68 % after two hours of
grinding of wheat straw in a ball mill. However, such a device
is unsuitable for commercial installations, because of long
processing times and the excessive energy consumption: up to
30,000 kWh t* (108 MJ kg [21].

Sharma et al. reported the effects of particle size of
agricultural and forest residues on biogas generation through
anaerobic digestion under mesophilic conditions [22]. Out of
five particle sizes of wheat straw (0.088, 0.40, 1.0, 6.0, and
30.0 mm), the maximum quantity of methane, 250 Nm3 tys™,
was produced with both the smallest particles, 0.088 and 0.4
mm. Moreover, biomethane yield stepped from 160 to 230
Nm3 tys? as particle size decreased from 30 to 6 mm. No data
are available concerning the energy efficiency of the process.

A recent work [23] studied the effects of successive
grinding steps on anaerobic digestion of wheat straw,
concluding that micronization did not improve methane yield,
which ranged from 281 to 306 Nm?® tys™, but had a positive
effect on the biodegradation Kkinetics. In addition, no
significant increase of Kinetics was observed below a size
threshold value around 200 pm. Milling was carried out at a
laboratory scale and the evaluation of the energy demand was
not performed.

Mechanical treatment of wheat straw improved methane
yields from 285 to 334 Nm?3 tys? as particle size was reduced
from 50 mm to 2 mm, after 65 days of digestion at 40T [24].
The authors did not perform any direct measure of the electric
energy demand, and the size of the equipment and the mass
flow rate during the experiments were not declared.

These data are necessary for an accurate evaluation of the
energy balance, since they have a strong influence on the
energy consumption. Several researchers measured an energy
demand of about 43 kWh t* (0,15 MJ kg) of processed straw
for hammer mills of very low power (1.5 kW) equipped with
a screen size of 1.6 mm [25, 26]. Whereas, using a device of
greater power (18 kW), such energy demand was already
reached for a screen size of 3.2 mm [27]. For mills of even
greater size, suitable to obtain straw fragments of 1-2 mm in
medium or large scale digestion plants, energy consumption
was in the order of 90-130 kwh t* (0.32-0.47 MJ kg™?) [18].

It was not possible to found in the literature a detailed
analysis of cost-benefit concerning mechanical pretreatments
of wheat straw for anaerobic digestion.

The objective of the present study was to evaluate the
effectiveness of an industrial scale, double stage mill used to
pretreat wheat straw. Through a set of anaerobic digestion
experiments, it was defined the methane yield of both
untreated and pretreated materials, including the biogas
composition. A detailed analysis of chemical composition and
particle size on both raw and processed materials was
performed, in order to help in interpreting the results. Lastly,
an evaluation of the energy balance of the pretreatment was
carried out.

2. MATERIALS AND METHODS
2.1 Pretreatment
The milling device has been designed to process feedstock

with a high dry matter content (>70%). It comprises two
milling stages: the first acts predominantly by impact,



maximizing the number of shocks to obtain a significant
breakage due to fatigue, whereas the second exerts strong
shear actions on the processed material [28]. The device was
equipped with a 75 kW electric engine. A centrifugal classifier,
placed downstream the mill, divided the material into two
different streams. A centrifugal fan equipped with an 18 kW
electric motor produced an air flow of about 2000 m® h%, used
to convey the processed material through the device.

Naturally dried straw from a soft wheat grown in central
Italy was chopped in a knife mill to an average length of about
30 mm, which is a typical dimension used in anaerobic
digestion plants. A portion of this material was used as a
reference (Wheat straw, WS).

Fifty kilograms of the chopped material were ground in the
above described device, producing two different streams of
material, named WSM and WSF. A screw conveyer fed the
mill at a constant mass flow rate of 750 kg h't. The power
drawn by the device was measured using a wattmeter (MTME-
485, ABB-SACE, ltaly); power, supply voltage, current and
time were logged into a PC card at one-second intervals. The
specific energy (MJ kg™) required for milling was determined
by integrating the area under the power demand curve for the
total time required to grind the 50 kg sample. In order to assess
the energy demand, the test was performed in two replicates.

2.2 Chemical composition analysis

The two products and the raw material were analyzed for
total and volatile solids (TS and VS, respectively) according
to the APHA standard methods [29]. The content of NDF,
ADF and ADL was analyzed according to the procedure of
Van Soest [30]. Total nitrogen (TKN) was analyzed by the
Kjeldal method and lipids (EE) by extraction with diethyl ether
[31].

2.3 Particle size analysis

The particle size distribution of WSM and WSF was
analyzed according to the ASABE standard S319.3 [32].
Through this test, mass percentages are measured as a function
of their particle size by passing through sieves of specified
mesh sizes. A sieve analyzer used twelve 1SO sieves (3.000,
2.000, 1.400, 1.180, 1.000, 0.700, 0.600, 0.500, 0.425, 0.300,
0.212 and 0.150). The total samples mass for the particle size
analysis was about 250 g, and each time the sieve was operated
for 15 minutes.

2.3 Anaerobic digestion

Biogas production experiments were carried out on the raw
material (WS) and the two products (WSM and WSF), to
assess the biogas and methane yields. The experiments were
performed in batch anaerobic reactors with a working volume
of 2 litres and equipped with mixing and thermostating
systems; the reactors were operated in mesophilic conditions
(35<C). Anaerobic sludge from a mesophilic digester,
containing 9,17% total solids (TS) and 5,48% volatile solids
(VS), was used as inoculum to start the biological process. The
loading rate of 60 g/L was applied for both raw material and
processed straw, resulting in a substrate loading in the range
53-54 grs/L (47,7-50 gys/L); the substrate/inoculum ratio was
in the range 0,58-0,59 on a TS basis. The experiments lasted
28 days and each of them was performed in triplicate,
including two controls with inoculum sludge only; the gas
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produced by controls was subtracted from the actual gas
produced through digestion of the media.

Biogas production was measured daily in averaged samples
following standard methods [29]. The composition of the
biogas with reference to methane content was measured using
a SG06IOMX6 portable automatic analyser (B.A.G.G.1. srl,
Milan, Italy).

3. RESULTS
3.1 Chemical composition analysis

WSM and WSF accounted for 73.0 % and 26.3 % of the raw
material, respectively. The processing lost was 0.7 %, due to
the reduction of the moisture content in the products respect
the raw material. Grinding reduced the size of the processed
straw that reached 300 pm as median particle size (dso) for the
finest fraction (WSF), whereas it was of about 1200 pm for
WSM.

The results of the chemical analysis are shown in Table 1.
WSF showed a significant decrease in the concentration of
NDF, ADF and ADL with respect to raw material. In particular,
NDF decreased from 82 % to 72.9 % on dry weight basis. The
ash content increased from 8.7 % to 11.5 % and the nitrogen
content enhanced by 35 % respect to the untreated straw, as
shown by the CP values. NDF, ADF and ADL in WSM
increased significantly respect to the raw material, whereas the
ash content decreased.

Table 1. Main chemical characteristics of untreated and
pretreated straw

TS VS CP EE NDF ADF ADL

[%] [Yos]
WS 92.1a 83.7a 34a 12a 820a 559a 7.6a
WSM 929bh 86.3b 3.0b 0.7b 84.4b 58.1a 8.1b
WSF 923a 808c 4.6¢c 1.8c 729c 50.3b 6.4c

Notes: 1. Values followed by the same letters in the same column are not
statistically different with a p-value <0.05 (Tukey test).

3.2 Biogas yield and quality

The untreated straw reached a methane yield of 167.8 Nm?3
tvs™, whereas for WSM and WSF the production was 245.6
and 264.7 Nm? tys™, respectively (Table 2). On average, the
methane yield gain was 49.2 % on VS basis and 50.1 % on wet
basis. Methane concentration in biogas was significant higher
in WSF (52.3 %) respect the raw material (49.3 %).

As expected, the methane production was quite faster in the
processed material than in the unprocessed straw. As depicted
in Figure 1, untreated straw reached 50 % of the cumulated
production during the 11th day from the beginning of the assay,
whereas it took about 7 days for WSM and WSF. The methane
production rates for WSM and WSF were high, reaching their
respective maximum of about 25.2 and 33.5 Nm?® tys'day*
during the 3rd and 2nd day of digestion. The maximum
production rate for the untreated material was only 10.2 Nm?3
tvsday* and was reached at the beginning of the 4th day.

3.3 Specific energy requirement
The average power drawn by the pretreatment device,

including the need for the feeding conveyer and the pneumatic
transport of the processed material, was 49.9 kW, resulting in



a specific energy requirement of 66.6 3.0 kwWh t* (239.7
#10.8 kJ kg™).

Table 2. Methane yield and biogas composition

CHy yield CH4
[Nmétvs] [Nmétl] [%vol]
WS 167.8a 140.4a 493 a
WSM 2456 b 2119b 5l.lab
WSF 264.7 c 213.8b 52.1b

Notes: 1. Values followed by the same letters in the same column are not
statistically different with a p-value <0.05 (Tukey test).
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Figure 1. Cumulative (a) and daily (b) methane yield
3.4 Energy data analysis

Electrical energy (Ee) produced by untreated and pretreated
biomasses, expressed as kWh t* of raw material (WS), was
calculated using Eq (1):
where Y was the methane yield of the samples, expressed in
Nm?® t1, LHV was assumed to be 9.94 kWh Nm (35.7 MJ
Nm®), ne was the co-generator electrical efficiency, estimated
as 40 %, my and mp were the masses of the processed sample
before and after pretreatment, respectively.

The electric energy gain was obtained by subtracting from
the energy produced by the pretreated material the sum of the
energy obtained from the raw material and the energy
consumption of the process. The results are shown in Table 3.

As regards biofuels production, primary energy (Ep)
produced by the samples, expressed as kWh t* of raw material,
was calculated using Eq (2):
Ep:Y'LHV'(mP/mu) (2)
whereas the primary energy consumed to pretreat the raw
material was calculated using Eq (3):
EP=EC-f 3)
where Ec was the electric energy used for pretreatment,
expressed in kwh t* and f was the coefficient which enables
to transform electric energy into primary energy, set equal to
1.86 kWh kwh for the Italian electric grid [33]. The primary
energy gain was obtained by subtracting from the energy
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produced by the pretreated material the sum of the primary
energy obtained from the raw material and the primary energy
consumed for pretreatment. The results are shown in Table 4.

Table 3. Energy performance for CHP applications

ELECTRIC ENERGY
CH4 output consum net gain
[Nm3t1] | [kWht'] [kWht1] [kKWht!]  [%]
WS 140.4 558.4
WSM 212.0 615.2 66.6 213.8 38.3
WSF 213.9 223.6

Specific energies refer to the mass of the material before processing (WS).

Table 4. Energy performance for biofuel applications

PRIMARY ENERGY
CH4 output consum net gain
[Nm3t?] | [kWht'] [kWht'] [kKWht'] [%]
WS 140.4 1396.1
WSM 212.0 1538.0 123.9 577.2 41.3
WSF 213.9 559.1

Specific energies refer to the mass of the material before processing.

4. DISCUSSION

As discussed in the introduction, data concerning the energy
efficiency of mechanical, industrial scale devices used to
pretreat lignocellulosic feedstocks are scarce.

The investigated pretreatment enhanced by 50.1 % the
methane production by anaerobic digestion of wheat straw,
from 140.4 to an average of 210.9 Nm? per ton of processed
raw material. The energy consumption (66.6 kWh t*) was low
compared to the data mentioned in the introduction, given the
final dimension of the processed material and the industrial
size of the investigated mill.

With reference to the use of biogas in CHP plants, the
electric energy production from pretreated straw was 838.8
kWh t* of processed raw material, achieving a 38.2 % net gain
over the untreated material, whose energy yield was 558.4
kWh t. Electric energy consumption for pretreatment was
23.7 % of the gross electric energy gain and 7.9 % of the
overall output.

With reference to the use of biomethane as a biofuel, the
investigated pretreatment produced a net extra output of
primary energy equal to 577.2 kWh t* of processed feedstock,
achieving a 41.3 % net gain over the raw material. Primary
energy consumption for pretreatment was 17.6 % of the gross
primary energy gain and 5.9 % of the overall output.

A recent work [34] studied a mechanical pretreatment of
wheat straw, which was able to improve methane production
by 13 % from 245 to 278 Nm® tys™. A very low specific energy
consumption (29 kWh t1) was measured to produce final straw
sizes lower than 10 mm; however, the size of the equipment
was not declared. The net electric energy gain after
pretreatment was about 80.8 kWh t2, thus far below the results
of the present study.

With reference to previous studies carried out on industrial
scale, a mixture of ensiled rice straw together with corn and
triticale silage was pretreated by an industrial extruder, whose
working capacity reached up to 5t h™* [35]. The electric energy
required to pretreat the samples increased from 10.1 to 12.4
kWh t* as the mass of rice straw in the mixture was enhanced
from 10 to 30 %. The electrical yield enhanced about by 10 %



at the lower concentration of straw, decreasing to almost
nothing as the quantity of straw reached 30 % of the feed. In
comparison to these results, the energy consumption of the
device investigated in the present study was higher, but the
electrical energy gain was far better.

5. CONCLUSIONS

A mechanical, industrial scale process was investigated for
pretreating straw through multiple milling stages and
fractionation. The two products obtained from the process
achieved a methane yield of 245.6 and 264.7 Nm?® tys™*. On
average, the methane yield was 210.9 Nm?® per ton of

processed material (wet basis), achieving a yield gain of 50.1 %

over the untreated material.

Mechanical pretreatments have several strengths, such as
very short residence times and the absence of any effluent, but
the high demand of electric energy is their main drawback.

The energy consumption of the investigated process was
66.6 kWh t and its energy balance was largely positive. The
net energy gain for CHP applications was equal to 213.4 kWh
t* of processed raw material, achieving a 38.2 % net gain over
the untreated material.

With reference to the use of biomethane as a biofuel, the net
gain of primary energy was equal to 577.2 kWh t! of
processed feedstock, achieving a 41.3 % gain over the
unprocessed straw. material.

These gains outperformed the performances of the
previously described, mechanical, industrial scale processes.

As a consequence, the results of the present study suggest
that the investigated pretreatment can be successfully
implemented to improve methane production efficiency in
anaerobic digesters, also reducing production costs. In fact, at
current prices of agricultural products in Italy, corn silage
delivered to the digestion plant costs about 45 € t, resulting
in a specific raw material cost of about 0.4 € Nm3CHa.
Whereas the cost of straw is about 60 € t?, resulting in a
specific raw material cost of about 0.29 € Nm>CHy, taking
also into account the electric energy required by the
pretreatment device, whose cost was assumed equal to 0.18 €
kwh1,

Moreover, straw is listed among the feedstock allowed for
the production of “advanced biofuels”, and the pretreated
material can be successfully used in the newborn biomethane
industry in Italy.

ACKNOWLEDGMENT

The authors thank Scienza per Amore Association (National
Research Register, n. 61097BTH) for having funded this
research, Mr. Danilo Speranza and all those who gave their
assistance during the field work.

REFERENCES

[1] Torrijos M. (2016). State of development of biogas
production in Europe. Procedia Environmental Sciences
35: 881-889.
https://doi.org/10.1016/j.proenv.2016.07.043

Italian Ministry of Economic Development (2014).
Aggiornamento delle condizioni, dei criteri e delle

[2]

131

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[18]

modalitax di attuazione dell'obbligo di immissione in
consumo di biocarburanti compresi quelli avanzati.
(14A08212). Available:
http://www.gazzettaufficiale.it/eli/id/2014/10/27/14A08
212/sg; 2007.

Mukhopadhyay N. (2006). Theoretical modelling of
electro-cyclone separator for arresting diesel soot
particulate matter. Modelling C 77(1): 15-27.

de Wit M, Faaij A. (2010). European biomass resource
potential and costs. Biomass Bioenerg 34: 188-202.
https://doi.org/10.1016/j.biombioe.2009.07.011
Taherzadeh MJ, Karimi K. (2008). Pretreatment of
lignocellulosic wastes to improve ethanol and biogas
production: A review. Int J Mol Sci 9: 1621-1651.
https://doi.org/10.3390/ijms9091621

Palmgvist E, Hahn-H&gerdal B. (2000). Fermentation of
lignocellulosic  hydrolysates.  Il: inhibitors and
mechanisms of inhibition. Bioresour Technol 74: 25-33.
https://doi.org/10.1016/S0960-8524(99)00161-3
Krishania M, Vijay VK, Chandra R. (2013). Methane
fermentation and Kinetics of wheat straw pretreated
substrates co-digested with cattle manure in batch assay.
Energy 57: 359-367.
https://doi.org/10.1016/j.energy.2013.05.028

Fernandes TV, Klaasse Boos GJ, Zeeman G, Sanders
JPM, van Lier JB. (2009). Effects of thermo-chemical
pre-treatment on anaerobic biodegradability and
hydrolysis of lignocellulosic biomass. Bioresour Technol
100: 2575-2579.
https://doi.org/10.1016/j.biortech.2008.12.012

Chandra R, Takeuchi H, Hasegawa T, Kumar R. (2012).
Improving biodegradability and biogas production of
wheat straw substrates using sodium hydroxide and
hydrothermal pretreatments. Energy 43: 273-282.
https://doi.org/10.1016/j.energy.2012.04.029

Sambusiti C, Monlau F, Ficara E, Carrée H, Malpei F.
(2013). A comparison of different pre-treatments to
increase methane production from two agricultural
substrates. Appl Energ. 104: 62-70.
https://doi.org/10.1016/j.apenergy.2012.10.060

Jaffar M, Pang Y, Yuan H, Zou D, Liu Y, Zhu B, Korai
RM, Li X. (2016). Wheat straw pretreatment with KOH
for enhancing biomethane production and fertilizer value
in anaerobic digestion. Chinese Journal of Chemical
Engineering 24(3): 404-409.
https://doi.org/10.1016/j.cjche.2015.11.005

Wang G, Gavala HN, Skiadas IV, Hring BK. (2009). Wet
explosion of wheat straw and codigestion with swine
manure: Effect on the methane productivity. Waste
Manag 29: 2830-2835.
https://doi.org/10.1016/j.wasman.2009.07.004

Klinke HB, Thomsen AB, Ahring BK. (2004). Inhibition
of ethanol-producing yeast and bacteria by degradation
products produced during pre-treatment of biomass.
Appl Microbiol Biotechnol 66: 10-26.
https://doi.org/10.1007/s00253-004-1642-2

Ferreira LC, Nilsen PJ, Fdz-Polanco F, Pé&ez-Elvira SI.
(2014). Biomethane potential of wheat straw: Influence
of particle size, water impregnation and thermal
hydrolysis.  Chem  Eng. J 242 254-259.
https://doi.org/10.1016/j.cej.2013.08.041
Theuretzbacher F, Lizasoain J, Lefever C, Saylor MK,
Enguidanos R, Weran N, Gronauer A, Bauer A. (2015).
Steam explosion pretreatment of wheat straw to improve



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

methane yields: Investigation of the degradation kinetics
of structural compounds during anaerobic digestion.
Bioresour Technol 179: 299-305.
https://doi.org/10.1016/j.biortech.2014.12.008

Kratky L, Jirout T. (2015). The effect of process
parameters during the thermal-expansionary
pretreatment of wheat straw on hydrolysate quality and
on biogas vyield. Renew Energ. 77: 250-258.
https://doi.org/10.1016/j.renene.2014.12.026

Jackowiak D, Bassard D, Pauss A, Ribeiro T. (2011).
Optimisation of a microwave pretreatment of wheat
straw for methane production. Bioresour Technol 102:
6750-6756.
https://doi.org/10.1016/j.biortech.2011.03.107

Peng X, Aragao BGne R, Achu Nges I, Liu J. Impact of
bioaugmentation on biochemical methane potential for
wheat straw with addition of Clostridium cellulolyticum.
Bioresour Technol 152: 567-571.
https://doi.org/10.1016/j.biortech.2013.11.067

Shell DJ, Hardwood C. (1994). Milling of lignocellulosic
biomass: Results of pilot-scale testing. Appl Biochem
Biotechnol 45-46: 1159-1168.
https://doi.org/10.1007/BF02941795

Koullas DP, Christakopoulos P, Kekos D, Macris BJ,
Koukios EJ. (1992). Correlating the effect of
pretreatment on the enzymatic hydrolysis of straw.
Biotechnol Bioeng 39(2): 113-116.
https://doi.org/0.1002/bit.260390116

Kratky L, Jirout T. (2011). Biomass size reduction
machines for enhancing biogas production. Chem Eng.
Technol 34(3): 391-399.
https://doi.org/10.1002/ceat.201000357

Sharma SK, Mishra IM, Sharma MP, Saini JS. (1988).
Effect of particle size on biogas generation from biomass
residues. Biomass 17: 251-263.
https://doi.org/10.1016/0144-4565(88)90107-2

Dumas C, Ghizzi Damasceno GS, Barakat A, Carrée H,
Steyera JP, Rouau X. (2015). Effects of grinding
processes on anaerobic digestion of wheat straw.
Industrial Crops and Products 74: 450-456.
https://doi.org/10.1016/j.indcrop.2015.03.043

Menardo S, Airoldi G, Balsari P. (2012). The effect of
particle size and thermal pre-treatment on the methane
yield of four agricultural by-products. Bioresour Technol
104: 708-714.
https://doi.org/10.1016/j.biortech.2011.10.061

Adapa P, Tabil L, Schoenau G. (2011). Grinding
performance and physical properties of non-treated and
steam exploded barley, canola, oat and wheat straw.
Biomass Bioenerg 35: 549-561.
https://doi.org/10.1016/j.biombioe.2010.10.004

Mani S, Tabila LG, Sokhansanjb S. (2004). Grinding
performance and physical properties of wheat and barley
straws, corn stover and switchgrass. Biomass Bioenerg
27: 339-352.
https://doi.org/10.1016/j.biombioe.2004.03.007

132

[27] Bitra VSP, Womac AR, Chevanan N, Miu PI,
Igathinathane C, Sokhansanj S, Smith DR. (2009). Direct
mechanical energy measures of hammer mill
comminution of switchgrass, wheat straw, and corn
stover and analysis of their particle size distributions.
Powder Technol 193: 32-45.
https://doi.org/10.1016/j.powtec.2009.02.010

[28] Manola U. (2016). Biomass crushing and separating
device. U.S. Patent 9,266,113, Feb. 23, 2016.

[29] (1998). Standard methods for the examination of water
and wastewater. 20th ed., APHA (American Public
Health Association), Washington, DC.

[30] Van Soest PJ, Robertson JB, Lewis BA. (1991). Methods
for dietary fiber, neutral detergent fiber, and nonstarch
polysaccharides in relation to animal nutrition. J Dairy
Sci 74: 3583-3597. https://doi.org/10.3168/jds.S0022-
0302(91)78551-2

[31] (2006). Official methods of analysis, 18th ed., AOAC
(Association of Official Analytical Chemists),
Gaithersburg, MD.

[32] St. Joseph. (2006). ANSI/ASABE S319.3: Method of
determining and expressing fineness of feed materials by
sieving. ASABE (American Society of Agricultural and
Biological Engineers). In: ASABE Standards 602.

[33] (2014). Piano d’Azione Italiano per I’Efficienza

Energetica, ENEA (Agenzia nazionale per le nuove

tecnologie, I'energia e lo sviluppo economico sostenibile),

Rome, IT. Available:

https://ec.europa.eu/energy/sites/ener/files/documents/2

014 neeap it _italy.pdf; 2014.

Kratky L, Jirout T. (2013). The effect of mechanical

disintegration on the biodegradability of wheat straw. Inz

Ap Chem 52(3): 202-203.

Menardo S, Cacciatore V, Balsari P. (2015). Batch and

continuous biogas production arising from feed varying

in rice straw volumes following pre-treatment with

extrusion.  Bioresour  Technol 180: 154-161.

https://doi.org/10.1016/j.biortech.2014.12.104

[34]

[35]

NOMENCLATURE

ADF Acid detergent fiber

ADL acid detergent lignin

CH,4 methane

CP crude protein

CHP combined heat and power
dso median particle size, um
EE ether extract

kWh kilowatt hour

NDF neutral detergent fiber
Nm? cubic meters at normal conditions
TS total solids

VS volatile solids





