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A b s t r a c t

The aim of the presented research was to determine the effect of the applied mixing system
on the efficiency of the methane fermentation process. The effect of the substrate dosing method
(in batches, continuous) on the efficiency of biogas production was simultaneously analysed. The
presented research was carried out on a pilot scale using a fermentation reactor equipped with an
innovative mixing system. The research on the operational efficiency of the fermentation reactor
equipped with a cage mixing system was carried out in 10 series differing in the rotational speed
of the mixer: 0.5; 1.0; 1.5; 2.0; 2.5; 3.0; 3.5; 4.0; 4.5; 5.0 rev/min. The obtained research results
indicate effective operation of the cage mixer in the fermentation reactor.The amount of obtained
biogas grew with increasing rotational speed of the mixer from 0.5 to 2.5 rev/min. The value of the
biogas production coefficient also grew with increasing rotational speed only to 2.5 rev/min.
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A b s t r a k t

Celem prezentowanych badań było określenie wpływu zastosowanego systemu mieszania na
efektywność procesu fermentacji metanowej. Jednocześnie analizowano wpływ sposobu dozowania
substratu (okresowy, ciągły) na wydajność produkcji biogazu. Badania przeprowadzono w skali
pilotującej z użyciem reaktora fermentacyjnego wyposażonego w nowatorski system mieszania.
Badania nad efektywnością pracy reaktora fermentacyjnego wyposażonego w klatkowy system
mieszający przeprowadzono w 10 seriach różniących się prędkością obrotową mieszadła: 0,5; 1,0; 1,5;
2,0; 2,5; 3,0; 3,5; 4,0; 4,5; 5,0 obr./min. Wyniki badań wskazują na skuteczne funkcjonowanie
mieszadła klatkowego w reaktorze fermentacyjnym. Ilość uzyskiwanego biogazu rosła wraz ze
zwiększaniem prędkości obrotowej mieszadła od 0,5 do 2,5 obr./min Wartość współczynnika produkcji
biogazu również rosła wraz ze zwiększaniem prędkości obrotowej, ale jedynie do 2,5 obr./min.

Introduction

All the countries which have signed the Kyoto protocol are obliged to reduce
greenhouse gas emission by 5.2% by 2012 compared to 1990 levels. Those which
will continue to emit more greenhouse gases than the limits allow after 2012 will
have to meet their commitments in the next period (HOLM-
-NIELSEN et al. 2009, FANTOZZI and BURATTI 2009). One of the greenhouse gas
emission reduction strategies is the development of renewable energy sources,
which causes a number of positive synergistic effects in the economy. Biomass,
which can replace fossil fuels in energy and heat production, is a very promising
renewable energy source. Energy produced from biomass in a sustainable
manner is not only a valuable biofuel which reduces greenhouse gas emission, it
is also a fuel which is more stable and safer with regard to energy supply than
fossil fuels (KAPARAJU et al. 2009). Biomass is currently a substrate tested by
researchers worldwide with regard to obtaining bioethanol, biodiesel or biogas.

Methane fermentation is the process of matter decomposition in an
anaerobic environment by a microorganism consortium. This process occurs
naturally in anaerobic environments, e.g. in deposits, wet soils or mammal
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intestines. The fermentation can be effectively applied for both sewage
treatment and anaerobic digestion of biomass (WARD et al. 2008). Biogas can
be produced from almost all types of raw material and can be obtained from
the agricultural sector and households (HOLM-NIELSEN et al. 2009). This
affords the chance to use not only typical organic waste originating from
agriculture, but also energy crops. Attempts are underway to optimize the
methane fermentation process through the implementation of new reactor
designs and modification of technological conditions for conducting the
process.

Reactors for methane fermentation should be designed to allow the use
of high organic loads with a short retention time, which reduces their volume.
The reactor’s shape should be selected so as not to hinder mixing and not to
cause heat losses (WARD et al. 2008). Three main types of reactors used for
the fermentation are distinguished. In batch reactors (the simplest type), the
whole reactor volume is filled with substrate and the tanks are emptied after
the retention time (CELIS et al. 2008). Single-stage reactors work in a continu-
ous system, in which all biochemical reactions occur in one chamber (WARD et
al. 2008). Two- and multistage reactors are also used, in which individual
fermentation phases occur separately (LIU et al. 2006).

Besides the design basis, the mixing system plays a very important role in
the reactor’s construction. Mixing ensures appropriate distribution of fresh
substrate in the reactor’s active volume, thanks to which nutrition of the
bacterial flora conducting the process takes place. Secondly, mixing is necess-
ary because of heat distribution throughout the entire reactor volume (WAR

et al. 2008). Mixing can take place both continuously and in batches (BURTON

and TURNER 2003). A proper mixing system ensures sufficiently high effi-
ciency of the methane fermentation process (WARD et al. 2008). The reactor
mixing process can take place by means of different types of mechanical,
hydraulic mixers located outside the reactor as well as pneumatic appliances
blowing biogas into the reactor below the sediment level. In practice, mechan-
ical mixers are of dominant importance in agricultural biogas plants (KHUR-

SHEED et al. 2005).
The aim of the presented research was to determine the effect of the

applied mixing system on the efficiency of the methane fermentation process.
The effect of the substrate dosing method (in batches, continuous) on the
efficiency of biogas production was simultaneously analysed.
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Materials and Methods

Description of the cage reactor

The presented research was carried out on a pilot scale using a fermenta-
tion reactor equipped with an innovative mixing system. The reactor had the
form of a cylindrical tank with an inside diameter D = 1.2 m and the height
of the walls H = 0.4 m. The active height, filled with anaerobic sediment, was
Hact = 0.3 m and the gaseous phase, in which biogas accumulated, lay above. In
order to ensure anaerobic conditions, the reactor was closed with a dome,
whose side walls were located below the liquid level in the reactor (Figure 1).

Fig. 1. Fermentation reactor with a cage mixing system

The side walls of the reactor, as well as the bottom and the dome, were
thermally insulated with a 5.0 cm-thick polystyrene foam layer. A heating
system was installed in the reactor’s bottom, with the possibility of controlling
the temperature inside the reactor. The closing dome contained a gas valve for
carrying away biogas and a feeding worm for introducing organic substrate.
The reactor’s bottom had a valve allowing sediment to be drained. The mixing
system of the reactor consisted of two cylindrical mixers in the form of a cage
with a diameter of D = 0.35 cm. Each cage was welded together from steel bars
with a diameter of 0.5 cm, located on the circumference of a circle. The cages
rotated around the reactor’s axis on a special track, simultaneously turning in
relation to their own axes.

The drive of the mixer was ensured by a shaft which was at the same time
the axis of rotation for the feeding worm. The rotational speed around the
reactor’s axis was regulated in the range from 0 to 5 revolutions per minute.
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Parameters of the anaerobic reactor:
– inside diameter – ID = 1200 mm;
– outside diameter – OD = 1300 mm;
– active height – Hact = 300 mm;
– inside height – IH = 400 mm;
– active volume ca. – Vact = 339 l;
– gaseous phase volume – Vg = 113 l;
– mixing cage diameter – Dc = 350 mm;
– number of mixing cages – 2;
– rotational speed range – V = 0–5 rev/min.

Organization of research

The research on the operational efficiency of the fermentation reactor
equipped with a cage mixing system was carried out in 10 series differing in the
rotational speed of the mixer: 0.5; 1.0; 1.5; 2.0; 2.5; 3.0; 3.5; 4.0; 4.5; 5.0
rev/min. The research in each research series was conducted for the period
of 21 days. The successive series were separated in time by a seven-day period
of adaptation to new mixing conditions.

The fermentation reactor was fed with maize silage. The organic compound
load for the reactor was ca. A’ = 2 kg DOM/m3 · d. Ca. Ms = 3.25 kg of maize
silage hydrated to 85% was introduced into the reactor by means of the worm
dosing system once a day. This corresponded to a volume of ca. 6.5 l. The
hydraulic retention time HRT = 52.1 d was obtained this way. Before
introducing a new batch of silage into the reactor, 6.5 l of post-fermentation
sediment was drained each time. The sediment was drained through a draining
valve in the reactor’s bottom. The feeding of the reactor with silage lasted,
depending on the applied rotational speed, from around 90 min at the
rotational speed of 0.5 rev/min to around 15 min at the rotational speed
of 5.0 rev/min.

The research was carried out under mesophilic conditions. The mean
temperature indicated by the control system sensor was 35oC. This system
turned on or off the heating plate built into the reactor’s bottom with
a hysteresis of ±1oC.

Measurement methods

The amount and composition of the forming biogas were analysed using the
continuous mode. The biogas amount was measured by means of an Aalborg
flowmeter, which allowed instantaneous and totalled measurement. The reading
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of daily production was made once a day at the same time before the
introduction of a new substrate batch. Measurement of the qualitative compo-
sition of biogas was made twice a day using a Gass Data LMF 430 meter.
The percentage of methane CH4, carbon dioxide CO2, hydrogen sulfide H2S as
well as ammonia NH2 and hydrogen H2 was analysed. Measurements of
temperature values inside the reactor above the bottom and near the surface of
the fermentation liquid were made daily. The measurements were carried out
using a Hanna four-channel temperature meter. Dry matter and dry organic
matter contents in post-fermentation sediment and the introduced substrate
were also analysed.

Statistical analysis of the obtained results

Statistical analysis of the obtained results was performed based on the
STATISTICA 9.0 PL package. Verification of the hypothesis concerning
the distribution of every examined variable was determined on the basis
of the Shapiro-Wilk W test, with the zero hypothesis H0: the distribution
of the examined variable is normal.

In order to find the significance of differences between variables, a one-way
analysis of variance (ANOVA) was carried out. The heating method for the
model reactors was the grouping variable and the results of the conducted
research were dependent variables. The application of ANOVA for one-way
classification of parametric tests required the fulfilment of the following
assumptions: the analysed variable is measurable, the considered k indepen-
dent variables of the examined group have normal distributions and these
distributions have identical variance.

Levene’s test was used to check the homogeneity of variance in groups.
Tukey’s honestly significant difference (HSD) test was used to check the
significance between the analysed variables. A significance level at α = 0.05
was adopted in the tests.

Research results

The conducted research proved the operational efficiency of the cage
mixing system. The amounts of biogas obtained in the methane fermentation
process changed depending on the rotational speed. The least biogas flew away
from the reactor at the rotational speed of the mixer 0.5 rev/min. On average,
around 190 l of biogas was obtained in these conditions in a day. Increasing the
rotational speed of the mixer to 1.0 rev/min caused an improvement in the
conditions of the process, thanks to which the amount of the produced biogas

Marcin Zieliński et al.186



increased to 220 l/d on average. Statistically, there were no significant differen-
ces between these two speeds at the significance level of 0.05. Raising the
rotational speed of the mixer to 2.0 rev/min caused the amount of the released
biogas to be 315 l/d on average. Daily gas volume observed at this rotational
speed was statistically different from that obtained in the series with the
rotational speed of 1.0 rev/min, but was not significantly different than those
found at higher rotational speeds. Further raising of mixing intensity did not
cause a considerable increase in the amount of the forming biogas. The highest
value was obtained in series 8 of the research with the rotational speed
of 4.0 rev/min. However, this was not a value statistically significantly
different from that observed in the series from 4 do 10 (Figure 2).

Fig. 2. Volume of the obtained biogas depending on the rotational speed of the mixer

An identical amount of organic substrate was introduced in all research
series, hence differences in the value of the unit coefficient of biogas produc-
tion yB in successive series depended only on the volume of the captured biogas.
In the series from 4 to 10, i.e. from rotational speed at the level of 2.0 to
5.0 rev/min, the value of the coefficient was similar. No statistically significant
differences between the values of this coefficient were found in the successive
series. The mean value of the yB coefficient in series 3 (1.5 rev/min) was
411 l/kg DOM on average and was not statistically significantly different from
series 4 (2.0 rev/min), where 464 l/kg DOM was observed on average. However,
it differed significantly from series 5 (2.5 rev/min), where 498 l/kg DOM was
observed on average. (Figure 3).
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Fig. 3. Values of the unit coefficient of biogas production yB

Fig. 4. Methane content in biogas in % depending on the rotational speed of the mixer
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In analysing the composition of the forming biogas, no statistically signifi-
cant differences were found between the series with rotational speeds above
1.0 rev/min. The highest methane concentration value was observed in series
6 (3.0 rev/min), 8 (4.0 rev/min) and 9 (4.5 rev/min), reaching maximally 56.7%.
The methane content was lowest in series 1 (0.5 rev/min), where 51.5% of
methane was found on average and it was statistically significantly lower than
for the other series. The largest differences in biogas quality observed in
a given series occurred in the case of series 9. The methane content in this
series varied from 53.8% to 56.7%. The biogas composition was most stabilized
in series 1. The maximum difference in the methane content between the
highest and the lowest result was 0.5% (Figure 4)

Measurements of the temperature value were carried out in order to assess
the homogeneity of liquid mixing in the reactor. The measurements were made
above the reactor’s bottom and at the surface of the liquid. Equalization of the
temperature near the bottom and at the surface of the liquid in the fermenta-
tion reactor was observed with increasing rotational speed of the mixer. At the
lowest rotational speed of 0.5 rev/min, the temperature difference reached
Δ 7oC. At the rotational speed of 2.5 rev/min, the temperature value changed
between the bottom and the liquid surface in the reactor by around 1oC. At the
speed of 4.0 rev/min and higher, the difference was not greater than 0.5oC
(Figure 5).

Fig. 5. Results of temperature measurements inside the fermentation reactor
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Discussion and Results

According to Braun, maize silage is one of the most promising raw
materials for biogas production (BRAUN et al. 2008). Generally, the literature
gives values of the coefficient for biogas production from maize silage at a level
from ca. 400 l/kg DOM. to 700 l/kg DOM. The methane content in the case of
using only maize silage as the substrate ranges as a rule from 50% to 60%. The
obtained values of the biogas production coefficient in the presented experi-
ment are close to those presented in the literature. For example, Amon et al.
obtained in mesophilic conditions 398 l CH4/kg solid matter (AMON et al. 2007)
ZAKI-UL-ZAMAN et al. compared methane production from maize silage to grass
silage. They obtained 236 l CH4/kg solid matter from maize silage and 3561 l
CH4/kg solid matter from grass silage (ASAM et al. 2011).

OSLAJ et al. studied the biogas potential of maize hybrids. Biogas produc-
tion from maize hybrids (FAO 300–400) was from 455 to 544 l CH4/kg solid
matter. The methane amount ranged from 290 to 312 l CH4/kg solid matter.
The methane content varied between 55.3 and 57.3% (OSLAJ et al. 2010).

WUA et al. conducted similar research under mesophilic conditions. They
used maize stems, oat and wheat straw in their research. The used biomass
was subjected to the anaerobic fermentation process together with pig manure.
The best results were reached for maize stems, where the percentage of
methane in biogas was 68%, while the methane amount for oat straw was 57%
(WUA et al. 2010). DAMIREL and SCHERERPR conducted mesophilic fermentation
of sugar beet with a retention time from 9.5 d to 15 d and a load from 6.33
to 10 g DM/l · d. They obtained the best results at the shortest retention time
and the load of 6.35 g DM/l · d, the methane content in biogas was 74% and the
amount of produced methane was 670 l/kg DOM (DEMIREL and SCHERER 2009).

In our own research, the maximum methane content in biogas reached
56.7%. A lower concentration of this component in biogas compared to the
research by WUA et al. could be caused by using as the substrate maize silage
alone without a manure addition (WUA et al. 2010). This was confirmed by
results from DINUCCIO et al. In this study, the methane concentration in biogas
from maize silage was at the level of 50–60%, which is very close to the
presented research (DINUCCIO at al. 2010).

Conclusions

The obtained research results indicate effective operation of the cage
mixer in the fermentation reactor. The amount of obtained biogas grew
with increasing rotational speed of the mixer from 0.5 to 2.5 rev/min.

Marcin Zieliński et al.190



Further raising of the rotational speed did not cause a significant increase in
the amount of the obtained biogas. The value of the biogas production
coefficient also grew with increasing rotational speed only to 2.5 rev/min. This
means that full thorough mixing of the substrate and fermentation sediment
was obtained at this mixing intensity. Further raising of the mixing rate and
intensity did not improve the conditions of the process. Additionally, a small
decrease in the methane content in the captured biogas was observed at the
highest rotational speed.

The methane content in the captured biogas was at a similar level in all
research series. This means that the applied retention time was sufficient and
the higher biogas production in series with faster mixing resulted from easier
gas release from the liquid and better availability of well-mixed substrate.

The effectiveness of the cage mixer’s operation is attested by the analysed
difference in liquid temperatures at the bottom and near the reactor’s surface.
It was just 1.0oC at the rotational speed of 2.5 rev/min. Because of this reactor
operation parameter, further raising of the rotational speed was pointless.

Translated by JOANNA JENSEN
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