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Abstract: The effect of mechanical pre-treatment of nine different agricultural substrates minced to
particle sizes of 1.5 mm, 5 mm and 10 mm on biogas and methane yields and fermentation kinetics was
investigated. The results showed, that for five of the nine tested substrates (grass, Progas rye, Palazzo
rye, tall wheatgrass, beet), a higher biogas production was obtained for the degree of fragmentation
of 10 mm compared to fragmentation of 5 mm and 1.5 mm. For fragmentation of 5 mm, the highest
biogas production was achieved for sorghum silage, Atletico maize and Cannavaro maize—649.80,
735.59 and 671.83 Nm3/Mg VS, respectively. However, for the degree of fragmentation of 1.5 mm,
the highest biogas production (510.43 Nm3/Mg volatile solid (VS)) was obtained with Topinambur
silage. The modified Gompertz model fitted well the kinetics of anaerobic digestion of substrates and
show a significant dependence of the model parameters Hmax (biogas production potential) and Rmax

(maximum rate of biogas production) on the degree of substrate fragmentation.
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1. Introduction

Biogas is an important source of alternative energy, produced from various types of biomass in
anaerobic digestion (AD) [1–3]. At present, many new biogas plants have been established in Europe
and in Poland, and biomass supplies have become a challenge. As a result, sources of new biomass
are sought after. One of the most important directions for the development of renewable energy
is the development of agricultural biogas plants in Poland in 2010–2020. The idea of creating such
installations is also placed among the key objectives of “Poland’s Energy Policy to 2030”. The document
provides for Poland to reach by 2020 a 15% share of energy from renewable sources in final energy
consumption [4]. Agricultural biogas is an important part of achieving the assumed goal. It is
important to realize that the efficient use of energy potential in available biomass is of great importance
to the economic viability of biogas. The main advantage of biomass as a feedstock for fermentation
is the use of grass meadows and biomass from energy crops grown on marginal surfaces for energy
purposes, where their conventional use as animal feed decreases as feed quality is unable to meet the
required standards [5–7]. Grass biomethane has been shown to be a sustainable gaseous transport
biofuel, with a good energy balance and significant potential for economic viability [8–10].

There are many energy crops that can be grown for biogas plants such as maize, sorghum,
topinambour, Rye, grass, tallwheatgrass. However, there are two key issues for the use of
biomass in biogas plants for high biogas production: (a) suitable biomass harvesting technology
for proper silageation; (b) efficient and cost-effective biomass pre-treatment methods to increase its
biodegradability. Maize silage is a widely used raw material to ensure stable methane fermentation in
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biogas plants and a high yield of biogas [11]. With one ton of corn silage with a content of 30% to 40%
of the dry matter, 170–220 m3 of biogas with a content of 50%–55% methane can be obtained [12–14].
For cultivars of maize for biogas in Poland, variety of FAO (Food and Agriculture Organization of the
United Nations) 250 are recommended [15].

There are other energy crops with similar biogas production to maize and, at the same time, their
cultivation is less competitive for food production and for production of feed for animals. This plant
can be sorghum, which is characterized by photosynthesis type C4, and excellent tolerance of water
deficiency in the soil. Under Polish conditions, for the sorhgum, the yield of green fodder can reach up
to 100 t/ha [16], on average about 60–80 t /ha, with a content of about 22% total solid (TS). With 1 ton
of sorghum silage you can get about 110 m3 of biogas with 54% methane content. Silage production
technology for biogas production is identical to the technology of cattle feed [15,17]. The difference
is in the size of the particles of plant material after crushing. The biomass for biogas needs to be
finely divided. In literature [15], there is a view that the shorter the chaff, the higher the yield of
biogas, It is recommended that the chop length be between 4 mm and 8 mm. However in other
literature sources [18], fragmentation of fibers in manure up to 2 mm resulted in a 16% increase of
biogas production, while size reduction up to 0.35 mm resulted in a 20% increase, and no significant
difference was observed of biogas production with further size reduction. In the case of grasses,
there is a view that increasing the degree of fragmentation affects the higher yields of biogas, but too
much fragmentation decreases the process efficiency. For beet pulp and grass silage and maize,
the maximum particle size should be between 20 and 30 mm. During anaerobic fermentation of
maize silage up to 4 mm, the production of biogas is 12% higher compared to the fragmentation of
20 mm [17]. However, in practice, achieving a cutting length in the recommended range 4 or 8 mm is
associated with high energy consumption. Lignocellulose is a tough material which has a complex
and rigid structure resistant to mechanical stress and enzymatic action. Water molecules cannot enter
the lignocellulosic fiber because of the combination of accessible surface area, presence of lignin and
crystallinity of cellulose. The fibers are protected and strengthened by lignin which is inhibiting to the
action of enzymes [19]. Furthermore, the crystalline structure of cellulose decreases the availability
of surface contact to enzymes [20]. It is hard to identify the most suitable pre-treatment for all types
of lignocellulosic materials. Effective pre-treatment should have three qualities: (1) increase the
porosity of the substrate which makes the carbohydrates more accessible for enzymes; (2) preserve the
different fractions without losing or degrading organic matter; and (3) limit the formation of inhibitors.
Furthermore, pre-treatment should take economic issues into consideration. Each pre-treatment has
advantages and drawbacks. The optimal operation depends on the characteristies of the materials.
The main purpose of pre-treatment for biogas production is to increase the accessibility to the
hemicellulose content of the lignocellulosic material.

Mechanical pre-treatment generally produces a large surface area in the organic material,
facilitating a larger contact area for the microorganisms that degrade the material, thus resulting
in increased biogas yields [21]. The biogas yield of some substrates increases almost linearly with
increasing outer surface [22]. However, the fibre size cannot be directly correlated to increased biogas
yield as there may also be a shearing effect from the treatment that cannot be measured from fibre size
alone [23].

In the light of different views in the literature regarding the effect of the degree of fragmentation
of plant material on biogas yield [17,18], the novelty of the research is to show whether the far-reaching
grinding of vegetable raw material before ensiling into granulation of 5 mm or 1.5 mm is reasonable
compared to 10 mm fragmentation, which is typical for forage harvesters. The aim of the study was to
compare the effect of the varying degree of fragmentation of the nine substrates to the levels of 1.5 mm,
5 mm, 10 mm on the biogas yield and kinetics of the fermentation process.

The novelty of the work is that in the process of anaerobic digestion, particles with granulation of
exactly 1.5mm, 5mm and 10mm were used, which is something new in contrast to other works, where
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the fragmentation was possibly majority participation in sieve analysis, with a much larger particle
size divergence [24,25].

2. Materials and Methodology

2.1. Substrates

In the nine substrates used in the study were silages from: maize Cannavaro (Zea mays L. Var.
Cannavaro), maize Atletico (Zea mays L. Var. Atletico), grass (Poaceae (R. Br.) Barnh), rye Progas
(Secale L. Var. Progas), rye Palazzo (Secale L. Var. Palazzo), sorghum (Sorghum Moench), tall wheatgrass
(Elymus repens), beet (Beta L. Var Elvira) and topinambour (Helianthus tuberosus L.). The substrates were
taken from the same farm, making the process of obtaining raw materials and silage production
the same. The test material was subjected to a standard analytical attempt to determine the
physicochemical properties of the tested substrates. Analyses of total solid content (TS), volatile
solid (VS), pH, carbon to nitrogen ratio, and the elemental analysis of substrates, were performed.
The content of VS in silage, before grinding ranged from 17.92% for grass silage to 58.20% for rye
Progas silage (Table 1). After chemical analysis, all substrates, without drying, were fragmented using
a specialized laboratory grinder with appropriate screens. Three different types of sieves with holes:
1.5 mm, 5 mm, 10 mm were used to grind the silages, resulting in a material with a theoretical particle
size, adequate for the sieves used in the mill. To obtain the substrates for anaerobic fermentation with
precise granulation of 1.5 mm, 5 mm and 10 mm, the material obtained for each series of grinding from
a laboratory mill was subjected to sieve analysis, where six sieves with holes of 11 mm, 10 mm, 6 mm,
5 mm, 2.5 mm and 1.5 mm were used. Based on three screening tests for each degree of fragmentation
it was found that: —the size 1.5 mm had a substrate remaining on the sieve with holes of 1.5 mm,
—the size 5 mm had a substrate remaining on the sieve with 5 mm and the size 10 mm had a substrate
remaining on the sieve with 10 mm (Figure 1).
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2.2. Laboratory Measurements

Before biogas production the substrates were properly fragmented (the particle length was
changed accordingly for each fragmentation variant: 1.5 mm, 5 mm and 10 mm). Subsequently, the
substrates and the inoculum (digestate from an agricultural biogas plant using only plant batch)
were subjected to detailed physicochemical analyses to exclude abnormalities during the biogas
production. The inoculum parameters are shown in Table 1.

The process of anaerobic digestion was carried out in accordance with norm DIN 38 414-S8 [26]
in triplicate for each fragmentation of the substrate (Figure 2). Research of batch process was
conducted in 30 fermenters (eudiometers) with a capacity of 1 L at 38 °C. The analysis of
physicochemical substrates and products of their anaerobic digestion was performed using
standard analytical methods.

The pH was indicated potentiometricaly: the total solid (TS) was indicated according to [27],
the value of volatile solid VS was indicated in accordance with [28], the total nitrogen content was
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2.2. Laboratory Measurements

Before biogas production the substrates were properly fragmented (the particle length was
changed accordingly for each fragmentation variant: 1.5 mm, 5 mm and 10 mm). Subsequently,
the substrates and the inoculum (digestate from an agricultural biogas plant using only plant batch)
were subjected to detailed physicochemical analyses to exclude abnormalities during the biogas
production. The inoculum parameters are shown in Table 1.

The process of anaerobic digestion was carried out in accordance with norm DIN 38 414-S8 [26] in
triplicate for each fragmentation of the substrate (Figure 2). Research of batch process was conducted in
30 fermenters (eudiometers) with a capacity of 1 L at 38 ◦C. The analysis of physicochemical substrates
and products of their anaerobic digestion was performed using standard analytical methods.

The pH was indicated potentiometricaly: the total solid (TS) was indicated according to [27],
the value of volatile solid VS was indicated in accordance with [28], the total nitrogen content was
indicated by Kjeldahl and ammonia nitrogen by distillation. A Behr atom IRF C500 analyzer was used
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to indicate of the total organic carbon; the values of Na, K, and Ca were measured by flame photometry;
the content of P and Mg were measured by spectrophotometry. The contents of elments: Cd, Cr, Cu,
Pb, Zn, Sn, Fe, Ni, and Mn were measured by the spectrophotometric method (spectrophotometer
FAAS and ICP); and Hg was determined by using a mercury analyzer MA 2000 NIC. The fat content
was determined using a Soxhlet extraction by weighing the content of reducing sugars with the
spectrophotometric method. Protein content was determined by the Kjeldahl method and the content
of volatile fatty acids by gas chromatography.

The volume of biogas produced and the composition of biogas (CH4, CO2, NH3, O2, H2S) was
read from the scale of a GA 2000 Plus analyzer. Biogas production values were converted for normal
conditions (Nm3/Mg VS), after conversion to normal temperature t0 = 273 K; p0 = 1013 hPa.

2.3. The Method of Anaerobic Digestion

Anaerobic digestion was based on the DIN 38 414-S8 norms [16], which defines the procedures
for conducting the experiment. The test was performed in 30 parallel reactors of 1000 mL capacity
(working volume of 400 mL). The norm assumes that the total amount of batch (substrate and inoculum)
is always 400 g at a TS content of 8%. For the prepared batch for each fragmentation of the substrate,
the experiment was carried out in three reactors, and in the fourth there was a control test, where the
charge (400 mL) was the inoculum itself. In the case of anaerobic digestion of the solid substrates,
the norm assumes periodic stirring and duration of the experiment until a daily yield of biogas is below
1% of the cumulative biogas production (Figure 2). Therefore, at the end of the AD process, the content
of volatile solid VS was not analyzed. The yield of biogas was measured every 24 h, although in the
first days of AD, measurements were taken twice a day. Three repetitions were made for each substrate
and degree of fragmentation and the results are presented as a means value ± standard deviation.
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2.4. Cumulative Biogas Production

Norm DIN 38 414-S8 defines the procedures followed for the anaerobic digestion of total solids,
and specifies the manner of sampling, data collection and conversion of AD tests. Its main objectives
are to state the conditions that must be met in order to properly determine the yield of substrates.
According to the standard, inoculum was taken from biogas plants of similar feedstock, the total solids
content in the inoculum was in the range of 1.5 to 2%. The proportions in the fermenter were selected
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so that the dry mass was about 8%, the pH was in the optimum range of 6.7–7.5, and the carbon to
nitrogen ratio was 20–30:1. The analysis of the results started from the conversion of biogas yield to
normal conditions (Equation (1)):

V0 = V
(p 1 − pw)T0

p0 · T
, Nml (1)

where:

Vo—normal volume of biogas, Nml;
V—read out biogas volume, ml;
pl—air pressure at the time of reading, hPa;
pw—pressure of water vapor in the ambient temperature, hPa;
To—the normal temperature To = 273 K;
po—normal pressure po = 1013 hPa;
T—ambient temperature, K.

The next step was to calculate the yield of biogas produced by the inoculum (Equation (2)):

Vis =
∑ Vis · mis

mm
, Nml (2)

where:

Vis—the volume of biogas produced from the inoculum, Nml;
ΣVis—the total volume of biogas produced from the inoculum, Nml;
mis—inoculum mass, g;
mm—weight of inoculum in the control sample, g;

Then, the amount of biogas produced by the substrate was deducted from the amount of biogas
obtained by inoculum (biogas yield were also tested with the same inoculum) (Equation (3)):

Vn − V0 − Vis, Nml (3)

where:

Vn—net volume of biogas, Nml.

Finally, the unitary amount of produced biogas was calculated in the course of the experiment
(Equation (4)):

Vs =
∑ Vn · 104

m · TS · VS
, Nm3/Mg VS (4)

where:

Vs—unit biogas produced during the experiment;
M—substrate mass, g;
TS—total solid, %
VS—volatile solid, % TS.

2.5. Kinetic Model of Biogas Production

The kinetics of biogas production was modeled using a modified Gompertz equation [29,30].
It was assumed that in batch processes, biogas production was affected by the specific growth rate of
microorganisms in a digester [31]. The modified Gompertz equation is as follows (Equation (5)):

QB = Hmax exp
{
− exp

[
Rmax · e

Hmax
(λ− t) + 1

]}
, Nm3/Mg VS (5)
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where:

QB is the cumulative biogas production (Nm3/Mg VS) at time t (day), t is the time (day) over the
digestion period, Hmax is biogas production potential (Nm3/Mg VS), Rmax is maximum rate of biogas
production (Nm3/Mg VS day) while λ is the lag phase (day) or minimum time between the inoculation
and biogas appearance). Kinetic constants Hmax, Rmax, λ and R2 were determined using the non-linear
regression and the root mean square error (RMSE) error was estimated. The use of the Gompertz
model to describe the test results gave good results at work [15], where the model was characterized
by a good fit to the test results. First, the use of the model was dictated by the need to demonstrate the
effect of the degree of fragmentation of substrates on fermentation kinetics.

2.6. Measurement Error Analysis and Statistical Analysis

The absolute error of measurement forming the difference between an actual value of measuring
and the value measured (∆x = |x − xz|) for the research stand (eudiometers) was 2 mL. For the gas
analyzer, the absolute error is ±3.0%. It should be noted that the gas analyzer was calibrated regularly
according to the instructions of the device.

2.7. Data Analysis

The statistical analysis was performed using the Statistica 12 programme. The significance levels
of differences for all fragmentation of the substrates were determined by one-way analysis of variance
(ANOVA). In the tests, a significance level value of 0.05 was obtained.

3. Results and Discussion

3.1. Substrate Characteristics

The results of the physicochemical analysis for substrates (Table 1) showed that the highest content
of total solids was obtained in rye Progas silage (58.20 ± 4.12%), which also achieved the best content
of volatile solids (86.75 ± 4.21% TS). Maize Cannavaro silage was characterized by a high content
of volatile solids (96,92 ± 2.25% TS) with total solids (40.63 ± 4.20%). These results are comparable
to the results of other authors [24]. The optimal pH for the methanogenic bacteria involved in the
last two phases of methane AD is from 5.1 (Methanoregula boonei) to 9.2 (Methanosalsum zhilinae) [32].
Physicochemical analyses showed that all starting materials had pH lower than these values, which
also achieved the best content of VS (86.75 ± 4.21%). The pH index ranged from 4.0 for beet silage to
5.6 for grass silage. Another important factor determining the yield of methane in the biogas is the
carbon to nitrogen ratio, which should fall in the range of 20–30/1. In the case of excessively high
content of carbon, bacteria cannot carry out a complete conversion of the element, where the amount
of the obtained biogas is not optimal. The lowest C/N was found for grass silage (13.8) and the highest
(41.7) for beet silage. For other substrates, these values were included or close to the recommended
ratio of 30/1.

If this ratio is not fulfilled, the supply amount of the substrate may be too small for bacteria in
the reactor, which means that the charge in the fermenter has too low a content of organic substances.
The C/N ratio may also create the right conditions for nitrifying bacteria that compete with archea
(the case when there is too much nitrogen) and the last possibility when all biomass organic matter
content is not spread (the case when there is too much carbon).

3.2. Batch Anaerobic Digestion

First, the cumulative biogas and methane production for the tested substrates for the
fragmentation 10 mm were analized. The highest cumulative values of biogas production
(726.12 ± 33.31 Nm3/Mg VS) were obtained for Elvira beet at a fragmentation of 10 mm (Figure 3).
The lowest biogas yield for this fragmentation was obtained for Topinambur, where biogas production
was 418.70 ± 25.54 Nm3/Mg VS. The nature of the curves of cumulated biogas production is similar,
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but the biogas production values are different (from 418.7 to 726.12 Nm3/Mg VS). It should be noted
that VS content was also varied and ranged from 74.36 ± 2.11% for grass to 96.22 ± 2.23% for Canavaro
maize (Table 1). Similarly, the production of biogas proceeded the methane production, and its
concentration in the biogas (Figure 3). The influence of VS content in substrates on biogas production
is described by the linear regression equation QB = 4.668 VS + 1551.1 although with the low coefficient
of covariance R2 = 0.1485.Sustainability 2018, 10, x FOR PEER REVIEW  10 of 20 
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Table 1. Physicochemical analyses of substrates prior to anaerobic digestion and cumulative biogas production.

Parameter Inoculum
Maize

Cannavaro
Silage

Maize
Atletico
Silage

Sorghum
Silage Beet Silage Topinambur

Silage
Rye Progas

Silage
Rye Palazzo

Silage Grass Silage
Tall

Wheatgrass
Silage

Total solid (TS, %) 5.9 ± 0.1 40.63 ± 4.20 37.32 ± 3.51 25.81 ± 3.32 18.74 ± 2.32 21.84 ± 3.33 58.20 ± 4.12 54.54 ± 4.21 17.92 ± 2.34 22.25 ± 0.23
Volatile solid (VS, % TS) 76.9 ± 0.12 96.92 ± 2.25 96.22 ± 2.23 93.53 ± 2.43 91.41 ± 3.21 81.94 ± 2.20 86.75 ± 4.21 82.11 ± 4.12 74.36 ± 2.11 87.41 ± 4.21

Ash (%) 1.37 ± 0.10 1.28 ± 0.13 1.41 ± 0.23 1.69 ± 016 1.61 ± 052 3.94 ± 1.12 7.86 ± 0.87 9.70 ± 0.32 4.59 ± 0.38 2.79 ± 0.43
pH 8,8 4.4 4.3 4.4 4.0 5.3 5.2 4.9 5.6 4.8

N (% TS) 7,84 ± 0.11 1.59 ± 0.12 1.55 ± 0.11 1.54 ± 0.09 0.98 ± 0.07 1.51 ± 0.14 1.15 ± 015 1.32 ± 0.19 2.92 ± 0.21 2.14 ± 0.23
C (% TS) 46.3 ± 014 45.66 ± 3.21 46.25 ± 2.18 44.70 ± 1.98 40.95 ± 1.98 41.00 ± 2.08 36.92 ± 2.12 29.63 ± 2.17 40.46 ± 2.17 45.66 ± 2.19

C/N 5.9 28.7 29.8 29.0 41.7 27.2 32.1 22.4 13.8 21.3
QB (Nm3/Mg VS) 212.84 ± 15.2 515.61 ± 12.36 601.20 ± 22.50 586.62 ± 21.14 726.14 ± 33.31 418.70 ± 25.54 473.87 ± 23.16 559.18 ± 33.17 508.32 ± 32.87 667.47 ± 43.12

P (g/kg TS) 9.3 3.21 1.46 1.84 1.29 2.37 1.27 1.06 2.27 1.8
P-PO4 (g/kg TS) 1.8 1.34 1.24 1.28 1.26 1.35 0.37 0.51 1.29 1.67

K (g/kg TS) 94.6 7.69 6.49 12.17 11.73 25.9 8.05 8.15 31.63 20.96
Ca (g/kg TS) 93.6 1.56 1.76 5.26 3.94 27.69 1.62 15.8 29.95 8.44
Na (g/kg TS) 9.9 0.4 0.55 0.91 1.71 1.26 0.87 0.75 1.23 1.14

N-NH4 (g/kg TS) 40.4 1.01 1.28 1.49 0.42 0.05 1.03 1.47 0.24 2.19
Hg (mg/kg TS) 0.0130 0.0048 0.0050 0.0136 0.0175 0.0528 0.0248 0.0250 0.0580 0.0253
Zn (mg/kg TS) 832 29.0 35.0 50.3 25.0 42.7 41.5 47.2 51.0 36.0
Pb (mg/kg TS) 5.54 1.38 2.09 2.12 2.43 8.26 6.94 6.74 11.6 5.26
Cd (mg/kg TS) <0.900 <0.100 <0.100 0.479 0.178 0.391 0.283 0.277 0.416 0.119
Cr (mg/kg TS) 21.7 15.6 9.10 20.2 21.7 7.95 12.41 9.24 7.76 26.31
Cu (mg/kg TS) 295 5.37 6.04 7.72 9.79 16.82 13.54 13.81 22.83 10.32
Ni (mg/kg TS) 18.5 10.70 6.45 7.11 18.6 5.01 52.3 45.92 4.74 11.90

S (g/kg TS) 5.98 1.10 1.04 1.40 1.18 1.77 1.47 1.60 2.47 2.63
Mg (g/kg TS) 3.46 1.39 1.53 2.05 2.24 4.86 0.801 0.825 6.42 4.24
Fe (g/kg TS) 2.58 0.213 0.167 0.266 2.56 0.394 2.82 3.52 0.541 0.781
P (g/kg TS) 11.4 2.68 2.66 2.25 2.23 1.61 1.24 1.47 2.35 3.26
K (g/kg TS) 45.2 8.24 7.84 17.0 16.1 39.0 10.7 10.5 3.62 29.1

Co (g/kg TS) <0.250 <0.100 <0.100 <0.100 <0.100 <0.100 0.269 0.280 <0.100 <0.100
Mo (g/kg TS) <0.480 0.705 0.557 0.579 0.958 0.629 2.01 1.12 0.801 1.93
Mn (g/kg TS) 15.6 16.6 19.6 44.8 42.9 71.4 160 164 90.3 45.3

Reference: own study.
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Next, an analysis of the reasonableness of grinding of substrates in terms of biogas efficiency
and impact on process kinetics was performed. Changes in the AD parameters show that both
the AD course and the biogas yield for the tested substrates were changed due to the degree of
fragmentation (Table 2). Degree of fragmentation of substrates had a variable impact on biogas
production. Five substrates (grass, rye Progas, rye Palazzo, tall wheatgrass and beet) achieved higher
biogas values for degree of fragmentation of 10 mm compared to the degree of fragmentation of 5 mm
and 1.5 mm (Figure 4). These results are not fully consistent with the suggestions [17,18]. For the 5 mm
degree of fragmentation, the highest biogas production was obtained for sorghum, Atletico maize and
Cannavaro maize silage (649.80 ± 20.98; 735.59 ± 21.87 and 671.83 ± 13.02 Nm3/Mg VS). Only in the
case of Topinambur, the highest biogas production (553.67 ± 26.15 Nm3/Mg VS) was obtained for
1.5 mm degree of fragmentation.

Multivariate statistical analysis (ANOVA) of the influence of the substrate type, degree of
fragmentation and volatile solid content on the biogas and methane yield (Table 3), shows a highly
significant correlation coefficient for the substrate (0.8960) and the degree of fragmentation (0.8780).
This indicates a significant effect of fragmentation on the methane yield.

Table 2. Parameters of batch before anaerobic digestion (batch: inoculum + substrate).

Silages
from

Substrates

Degree of
Fragmenta
-tion (mm)

TS (%) VS (% TS)
Cumulative

Biogas Yield QB
(Nm3/Mg VS)

Methane
Yield

(Nm3/Mg VS)

CO2
(%) CH4/CO2

VS
Removal

(%)

pH
Initial

pH
Final

1.5 18.00 74.36 98.02 ± 32.17 46.86 ± 11.2 34.02 1.68 51.2 7.12 6.06
Grass 5 17.92 74.36 131.23 ± 31.19 63.99 ± 10.02 25.30 1.87 51.7 7.21 6.12

10 17.92 74.36 508.34 ± 32.87 298.18 ± 7.02 24.68 1.92 51.9 7.27 6.13

1.5 58.23 86.75 414.82 ± 21.87 206.38 ± 11.73 36.48 1.52 51.5 7.18 6.14
Rye

Progas 5 58.20 86.75 287.65 ± 22.25 148.65 ± 6.24 43.75 1.14 51.9 7.25 6.19

10 58.20 86.75 473.78 ± 23.16 259.77 ± 6.75 34.30 1.67 51.9 7.22 6.12

1.5 54.54 82.11 213.46 ± 31.19 111.51 ± 6.78 38.84 1.32 51.3 7.14 6.12
Rye

Palazzo 5 54.54 82.11 421.49 ± 32.19 209.86 ± 11.01 37.83 1.36 51.3 7.23 6.13

10 54.54 82.11 559.11 ± 33.17 295.51 ± 9.51 35.31 1.48 51.8 7.32 6.14

1.5 25.81 93.53 482.96 ± 22.09 284.85 ± 6.90 39.72 1.29 51.5 7.13 6.12
Sorghum 5 25.81 93.53 649.80 ± 20.98 334.22 ± 8.67 34.99 1.36 51.8 7.22 6.12

10 25.81 93.53 586.59 ± 21.14 319.88 ± 6.42 37.62 1.23 51.2 7.22 6.12

1.5 22.25 87.41 501.54 ± 40.25 287.03 ± 12.48 36.04 1.59 51.1 7.23 6.13
Tall

Wheatgrass 5 22.25 87.41 544.06 ± 39.18 297.95 ± 12.99 35.03 1.52 51.3 7.19 6.13

10 22.25 87.41 667.36 ± 43.12 403.15 ± 13.20 34.49 1.75 51.9 7.13 6.14

1.5 18.74 91.41 549.66 ± 32.87 349.88 ± 9.63 35.02 1.82 52.4 7.23 6.93
Beet 5 18.74 91.41 612.37 ± 32.98 388.57 ± 10.53 34.87 1.99 52.7 7.32 6.95

10 18.74 91.41 726.12 ± 33.31 461.80 ± 9.93 34.12 2.08 52.9 7.13 6.98

1.5 37.32 96.22 629.35 ± 21.98 383.30 ± 6.06 36.57 1.67 51.9 7.22 6.72
Maize

Atletico 5 37.32 96.22 735.59 ± 21.87 413.93 ± 6.75 35.97 1.76 52.7 7.22 6.83

10 37.32 96.22 601.20 ± 22.50 362.80 ± 7.50 36.54 1.61 51.8 7.23 6.72

1.5 40.63 96.92 643.79 ± 11.87 392.49 ± 9.60 34.98 1.60 51.9 7.13 6.62
Maize

Cannavaro 5 40.63 96.92 671.83 ± 13.02 356.80 ± 3.36 35.89 1.51 52.6 7.32 6.68

10 40.63 96.92 515.61 ± 12.36 313.05 ± 5.55 35.44 1.58 51.7 7.22 6.62

1.5 21.84 81.94 553.67 ± 26.15 291.48 ± 8.97 38.07 1.38 51.8 7.23 6.13
Topinambur 5 21.84 81.94 510.43 ± 24.18 260.63 ± 7.86 35.27 1.44 51.3 7.13 6.12

10 21.84 81.94 418.70 ± 25.54 240.39 ± 8.04 40.10 1.34 52.2 7.17 6.12

Reference: own study.

It should be noted that the reduction of VS was relatively low (51.2%–52.6%). Despite the
initial adjustment of pH to about 7.25 this parameter was significantly reduced at the end of the
anaerobic digestion to 6.06–6.98, which is beneficial for metanogenic bacteria. According to literature,
the optimum initial pH of substrates subjected to anaerobic digestion is 6.7–7.5 [33]. In the initial
phase of this process it drops even below 6.0 because of accumulation of volatile fatty acids and
carbon dioxide. When these intermediates are converted to a mixture of methane and carbon dioxide,
pH is increased and maintained at a constant level. However, when the activity of microorganisms
that conduct processes of hydrolysis and acetic acid production is too high, and the function of
microorganisms responsible for methane synthesis is insufficient, pH is decreased that brings about
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the termination of methanogenesis [34]. In addition, the decrease in pH may be caused by the
specificity of batch processes because the depletion of carbon sources brings about disadvantageous
changes in the C/N and C/P ratios that in turn reduce the metabolic activity of methane-producing
microorganisms. This leads to the rise in organic acid concentrations and a decrease in pH in a
digester [35]. The correlation of the degree of fragmentationon on methane yield (Table 3) is justified
at a higher CH4/CO2 ratio for sorghum silage, which shows higher values for a 1.5 mm degree of
fragmentation (Table 2).

3.3. Kinetics of Anaerobic Digestion

The kinetics of biogas production from investigated substrates by batch AD was modeled using a
modified Gompertz equation. The values of kinetic constants Hmax, Rmax, λ (Table 4)—were determined
by non-linear regression. The simulation of expected biogas yield, using experimental data and the
Gompertz equation, is presented in Figure 3. The analysis of data, which are shown in Table 4, leads to
a conclusion that the values of kinetic constants depended on substrates and degree of fragmentation.
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Table 3. Correlation matrix for the parameters of anaerobic digestion (AD).

Parameters
Correlation Significant for N = 28, p < 0.05

Average Standard
Deviation

Degree of
Fragmentation Substrate Volatile

Solid
Biogas
Yield

Methane
Yield

Degree of fragmentation 8.9107 18.3818 1.000000 0.972036 0.326022 −0.374277 0.878026
Substrate 8.4286 18.3251 0.972036 1.000000 0.399170 −0.349097 0.896007

Volatile solid 88.3196 7.4841 0.326022 0.399170 1.000000 0.462835 0.545469
Biogas yield 493.1985 179.4309 −0.374277 −0.349097 0.462835 1.000000 −0.105449

Methane yield 57.4587 9.7675 0.878026 0.896007 0.545469 −0.105449 1.000000

Reference: own study.
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Table 4. Kinetic constants of biogas production.

Substrate Biogas Prod. Potential
Hmax (Nm3/Mg VS)

Max. Rate of
Biogas Prod. Rmax
(Nm3/Mg VS day)

The Lag Phase
λ (day)

Coefficient of
Determination R2

Root Mean Squared
Error RMSE

Topinambour silage 1.5 mm 545.84 55.60 6.93 0.998 11.78
Topinambour silage 5 mm 497.13 54.55 6.28 0.999 12.41
Topinambour silage 10 mm 396.99 65.83 4.78 0.987 15.42

Rye Progas silage 1.5 mm 420.81 30.97 10.21 0.999 4.74
Rye Progas silage 5 mm 313.82 17.28 12.19 0.999 6.04

Rye Progas silage 10 mm 459.79 45.36 6.95 0.989 17.91

Maize Cannavaro silage 1.5 mm 639.41 83.66 5.21 0.999 7.82
Maize Cannavaro silage 5 mm 647.94 102.52 4.34 0.998 18.85

Maize Cannavaro silage 10 mm 485.21 59.90 6.26 0.997 15.85

Beet silage 1.5 mm 539.85 194.58 2.55 0.998 9.48
Beet silage 5 mm 601.15 200.72 2.33 0.998 11.81

Beet silage 10 mm 718.16 131.98 4.75 0.999 17.82

Grass silage 1.5 mm 96.70 9.26 8.38 0.999 1.18
Grass silage 5 mm 129.79 12.29 8.60 0.997 3.06

Grass silage 10 mm 486.63 77.08 5.46 0.998 14.05

Sorghum silage 1.5 mm 478.67 56.22 5.73 0.996 15.21
Sorghum silage 5 mm 636.28 73.79 6.42 0.999 13.52

Sorghum silage 10 mm 567.51 71.75 5.70 0.999 20.23

Rye palazzo silage 1.5 mm 216.10 20.38 7.37 0.999 4.13
Rye palazzo silage 5 mm 451.32 27.39 10.68 0.998 12.50

Rye palazzo silage 10 mm 545.44 47.02 8.22 0.998 16.93

Tall wheatgrass silage 1.5 mm 490.73 81.66 4.44 0.999 15.62
Tall wheatgrass silage 5 mm 533.11 95.25 3.97 0.998 10.62

Tall wheatgrass silage 10 mm 650.83 144.29 3.62 0.999 11.72

Atletico maize silage 1.5 mm 625.65 88.05 5.67 0.999 9.66
Atletico maize silage 5 mm 715.82 114.19 4.54 0.998 15.38
Atletico maize silage 10 mm 579.66 77.75 6.39 0.999 13.35

Reference: own study.

The biogas production for degree of fragmentation of substrates varies considerably, but this
relationship is not unequivocal. The highest dependence there is between degree of fragmentation and
time lag phase is where the correlation is highest at 0.9714 (Table 5). When the substrates were ground
to 1.5 mm, the lag phase was shortened from 10.21 to 7.37 days, respectively. Unmistakable lag time is
proportional to the fragmentation only for beet silage. The use of the Gompertz model to describe the
kinetics of fermentation of other substrates did not show a significant dependence of the parameters of
the Hmax and Rmax model on the degree of substrate disintegration. Correlation of the impact of the
degree of fragmentation on Hmax was significant and amounted to −0.3852 and Rmax was negligible
and amounted to 0.11144. The modified Gompertz model fitted the experimental results well, which is
shown in Figure 5 since values of the correlation coefficient R2 varied from 0.986 to 0.999 and RMSE
from 1.18 to 20.23. According to this model, the highest potential biogas yield, Hmax = 715.82 Nm3/Mg
VS, could be obtained from Atletico maize silage and for degree of fragmentation 5 mm. This value
was correlated with the maximum biogas production rate (Rmax) of 114.19 Nm3/Mg VS day. These
values of Hmax were 14.40% higher than those obtained for the degree of fragmentation of 1.5 mm and
23.45% higher than those obtained for degree of fragmentation of 10 mm. The values of Rmax were
29.68% higher than the results obtained for the degree of fragmentation of 1.5 mm and 46.86% higher
than those obtained for grinding of 10 mm. The highest methane production, regardless of the degree
of grinding, was obtained for beet silage (Figure 6).

Table 5. Correlation matrix for the kinetic constants of biogas production.

Parameters

Kinetic Constants of Biogas Production, N = 28
Correlation Significant for p < 0.05

Average Standard
Deviation Substrate Degree of

Fragmen-tation
Hmax

(Nm3/Mg VS)
Rmax (Nm3/Mg

VS day)
Lambda, λ

Substrate 8.4286 18.3251 1.000000 0.972036 −0.405666 0.117710 0.978675
Degree of fragmentation 8.9107 18.3818 0.972036 1.000000 −0.385217 0.114477 0.971377

Hmax (Nm3/Mg VS) 484.6907 173.2062 −0.405666 −0.385217 1.000000 0.567290 −0.497057
Rmax (Nm3/Mg VS day) 76.4400 48.5657 0.117710 0.114477 0.567290 1.000000 −0.008957

Lambda, λ 9.6061 18.0606 0.978675 0.971377 0.497057 −0.008957 1.000000

Reference: own study.
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Figure 5. The modified Gompertz model for chosen substrates.Figure 5. The modified Gompertz model for chosen substrates.



Sustainability 2018, 10, 3669 13 of 16
Sustainability 2018, 10, x FOR PEER REVIEW 14 of 17

Figure 6. Biogas and methane yield from fragmentation substrates.Figure 6. Biogas and methane yield from fragmentation substrates.
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4. Discusion

The results of anaerobic digestion for nine agriculture substrates in the form of silage and degree of
fragmentation close to the assumed ones, ie: 1.5 mm, 5 mm and 10 mm, did not show an unambiguous
effect of the degree of fragmentation on biogas yield and fermentation kinetics. It should be noted that
the tested substrates in the whole mass of the batch had dimensions very close to the assumed ones,
i.e.,: 1.5 mm; 5 mm and 10 mm, which were obtained in a sieve test. In a 1.5 mm sample, particles
smaller than 2.5 mm and larger than 1.5 mm were included; in a 5 mm sample, particles smaller than
6 mm and larger than 5 mm were included; and in a 10 mm sample, particles smaller than 11 mm and
larger than 10 mm were included. The results of biogas yields from grass, rye Progas, rye Palazzo,
tall wheatgrass and beet silage were highest for 10 mm degree of fragmentation. Only for topinambur
silage was the highest biogas production (510.43 ± 24.18 Nm3/Mg VS) obtained for 1.5 mm degree
of fragmentation.

The results obtained differ from the results of [24], where two different mechanical pre-treatment
apparatuses, i.e., a Grubben deflaker and a Krima disperser, were tested in a full scale setup to evaluate
their effects on ley crop silage. The treatments were investigated with regard to their effects on particle
size, methane potential, capacity and energy balance. The results show that methane production
increased by 59% and 43% respectively after grinding with the two different methods. It should be
noted that for both types of fragmentation, 90% of the ley crop was ground to particles of less than
2 mm and more than 50% of the sample was reduced to particles smaller than 0.125 mm. This means
that the fragmentation of the batch was not homogeneous. The batch in the reactor contained particles
of larger dimensions, which is important in terms of providing conditions in the fermenter for the
development of menthanogenic bacteria.

Similar remarks can be made about the results contained in [21,25,36], where the effect of the
degree of fragmentation below 0.5 mm on the biogas yield was demonstrated, but also in this case the
batch structure in the fermenter was not homogeneous in terms of particle size.

There is a view in literature that for the individual degree of fragmentation there is a specific
ability to create colonies of methanogenic bacteria (microbial conditions) important for the digestive
process. Similar observations occur at work [37] in studies on an up-flow anaerobic sludge blanket
(UASB). Granulated microorganisms are also attached to the medium; hence, a high-density microbial
population is being reactivated, creating a hybridization of microbial floe and adhesion.

5. Conclusions

All the tested mechanical pre-treatment methods improved the digestibility of ensiled plant
substrates and contributed to biogas enhancement.

A novelty of the work, in contrast to other works in this field are the effects of the impact of more
precise determination of the degree of fragmentation of plant substrates on the production of biogas,
methane and the kinetics of anaerobic digestion.

The results of biogas and methane yield obtained refer to the vegetable charge of fragmentation
(particle length) close to the dimensions of 1.5 mm, 5 mm, 10 mm. The results obtained in five cases
indicate that the optimum degree of fragmentation is 10 mm and only for topinambur silage is there
a better yield for the degree of fragmentation of 1.5 mm. The modified Gompertz model fitted the
experimental results obtained in this study well. According to this model, the highest potential biogas
yield, Hmax = 715.82 Nm3/Mg VS, could be obtained from Atletico maize silage and for a degree of
fragmentation of 5 mm. This value was correlated with the maximum biogas production rate (Rmax)
of 114.19 Nm3/Mg VS day. The results obtained have a high cognitive and economic significance.
They indicate that the fragmentation of plant materials before anaerobic digestion to 10 mm ensures
high biogas production. For most substrates, there is no need to incur large amounts of energy to
reduce the dimension to 5 mm or 1.5 mm.
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