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Abstract: In this paper, the possibility to obtain an alternative source of energy from methane fermen-
tation, catalysed by biomass, has been discussed in detail. As a main substrate, the distillation residue
from the distillery industry was taken in the case of mono-fermentation and its co-fermentation with
sewage sludge. The results showed that higher biogas and methane production can be obtained
in a mono-fermentation process. Fermentation lasted for 23 days, and during this time, 333.14 and
249.64 L/kg VS of the total biogas for mono- and co-fermentation was subsequently obtained, which
gives around 63% and 50% of methane in both types of the process, respectively. Additionally, to
interpret the experimental data obtained and to predict the trend of the accumulation curves, a simple
Gompertz model has been applied. The application of the Gompertz model has enabled us to estimate
some important parameters with a strict physical meaning, namely, the maximum production value
of the biogas and its components, the production rate of a given gas, as well as the incubation phase
time. Finally, an approximate analysis of the potential volume of biogas production was also carried
out, based on the mass of distillation residue produced annually in Poland.

Keywords: distillation residue; anaerobic digestion; Gompertz model; methane fermentation; biogas
production

1. Introduction

New technologies need to be developed to obtain raw materials or materials and
energy from renewable sources. An alternative to existing and widely used energy carriers
is to obtain them using biotechnological methods. In recent years, there has been an
increase in the price per barrel of oil, and, despite temporary price reductions for this raw
material, the trend in the long term will be upwards. Even the increased production of
this commodity will not compensate for its demand on world markets, which is due to the
growing demand resulting from the development of economies in countries such as India
and China [1,2]. Added to this is climate change, which has been widely noted, regardless
as to whether it is caused by human activity or other phenomena occurring on the planet
and the sun [3].

These changes will affect societies, economies and the global economy. This also
applies to Poland, which is an importer of energy carriers such as oil and natural gas. An
additional factor is the international obligations Poland has accepted, which require it to
reduce carbon dioxide (greenhouse gas) emissions and increase the amount of energy it ob-
tains through renewable energy sources (RES). RES include wind, hydro, solar, geothermal
and biomass. In a few decades, there will be a diversification of energy sources from fossil
to renewable and nuclear energy.
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The use of renewable energy sources reduces CO2 emissions and the consumption of
fossil energy resources. In addition, agricultural biogas plants contribute to the develop-
ment of rural regions and the utilisation of waste from the food industry. Plant waste is
used to produce biogas and then electricity and heat in cogeneration systems. An additional
advantage of biogas plants is that they can operate continuously, as they are renewable
energy sources that are independent of the degree of sunshine or the frequency of winds.

Agricultural biogas production requires a constant supply of feedstock, with the result
that the location of such biogas plants and their ability to process biomass is determined
by the demand for the feedstock [4]. The composition, as well as the yield of the biogas
produced from the biomass, depends on many factors, including the moisture content,
the physical state of the raw material, the temperature and the technology used. Animal
and vegetable feedstocks, as well as waste from the agri-food industry, can be used in
agricultural biogas plants. To complement the basic feedstock that is used for biogas
production, co-fermentation with other feedstocks has begun to be used, resulting in an
increase in the amount of biogas produced or an increase in the proportion of methane.
In some cases, several co-substrates are used that can be used as feedstock for biogas
production. In addition, such solutions enable waste from the food industry and agriculture
to be managed. An example is the co-fermentation of pig and cattle slurry with sludge
from sewage treatment plants and waste from agriculture and the food industry [5], cattle
waste with corn silage [6], pig waste with grass silage [7], solid waste with biomass [8],
sewage sludge with pig manure [9], and food waste with sewage sludge [10].

An example of a waste product from agri-food plants is distillery residue. It is the main
by-product obtained during ethanol production [11,12]. This waste contains, in addition
to organic carbon compounds, a high amount of mineral nutrients. The disadvantage
of distillery residue is that the phosphorus content is too low in relation to nitrogen and
potassium, with a relatively high organic carbon content [13]. Based on tests carried
out in Poland, distillery residue has been shown to have a pH range of up to 4.0 to
4.5, 9.0–82.0 gTS/L, 8–66 gVS/L, 100–150 gCOD/L, 35–50 gBOD5/L and a dark brown
colour [14]. The use of distillery residue as a feedstock during the fermentation process
is one method of its utilisation [15]. Promising results from tests on the management of
waste from whiskey production in Ireland have been reported by Kang et al. [16]. Another
source of biomass for biogas production, and simultaneously, another example of a basic
(single, mono) substrate for biogas production is sewage sludge generated in municipal
wastewater treatment plants (WWTPs). In Poland, approximately 1 million Mg of sludge
from municipal WWTPs was produced in 2019 [17].

Agricultural biogas plants are facilities with enormous potential. They have a positive
impact on the economic development of an area, as well as on the environment. The
ecological benefits of agricultural biogas production are very often highlighted in the
research literature [18–21].

There are currently 128 biogas plants operating in Poland at the end of 2021 [22].
The biogas produced can be used in various ways. Among others, it can be burned,
for example, in heating installations. It can also be burned in cogeneration, resulting in
heat and electricity [23]. These are partly used for the proper operation of the biogas
plant, and the excess electricity can be used to feed into the power grid, while the heat
is used to heat residential and public buildings. The production of agricultural biogas
increases independence and energy security, both for farms and also for the country as a
whole [23,24].

The aim of this study was to investigate the biogas production potential of distillation
residue by mono-fermentation (e.g., in dedicated biogas plants on the distillery site) and
by co-fermentation with sewage sludge (which can be carried out in existing digesters at
the wastewater treatment plans. Distillation residue selected for testing is a waste product
of the agri-food industry and available in large quantities in Poland. The correctness of
the fermentation process trend was verified by determining the biogas production volume,
as well as its composition (including methane and hydrogen).
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Traditional tests measure only methane content without giving any information on the
total biogas composition; however, the potential for methane combustion and its energetic
efficiency (or yield) depends on the biogas composition itself, and thus the total fraction in
the produced biogas. This issue was particularly illustrated and discussed in our paper by
showing a comparison between processes of mono- and co-fermentation. For qualitative
comparison between both processes as well as for the interpretation of the measured data,
a simple mathematical model, proposed initially by Gompertz, was used in this work. The
Gompertz model enabled us to generate a bunch of accumulation curves for the production
of each gas type, including methane and hydrogen as well as the total biogas in the system
under consideration. Finally, an approximate analysis of the potential volume of biogas
production was also carried out, based on the mass of distillery residue produced annually
in Poland.

2. Materials and Methods
2.1. Research Material

Distillation residue from one of the distilleries producing raw alcohol located in
southern Poland was used in the tests. Sewage sludge and inoculum were taken from a
closed digester chamber of a municipal wastewater treatment plant in Warsaw (Poland).
Two tests were performed, involving mono-fermentation of distillation residue and its
co-fermentation with sewage sludge. The feedstock input to the bioreactors was adjusted
so that the initial conditions in both tests were similar. For this, a dry matter content of
approximately 5% (w/w) was assumed, with an inoculum contribution of 20% (w/w) to the
total mass in the bioreactors. In the co-fermentation test, a mass ratio of distillery residue
to sewage sludge of approximately 1:4 was assumed. The initial averaged mass values
in the reactors were 30.7 kg and 31.0 kg, at pH: 7.0 and 7.33 (for mono-fermentation and
co-fermentation, respectively). The ratio of elemental carbon to elemental nitrogen on a
dry weight basis (C/N) was measured in the feedstock after the addition of all feedstocks,
including inoculum and water. Initial feedstock characteristics are shown in Table 1. The
fermentation process was carried out at 38 ◦C.

Table 1. Characteristics of the feedstock used in the mono-fermentation and co-fermentation tests.

Test Inoculum (kg) Distillation
Residue (kg)

Sewage
Sludge (kg) Water (kg) TS (%) VS (%) C/N

mono-fermentation 6.14 ± 0.04 15.00 ± 0.11 - 9.56 ± 0.06 4.41 ± 0.03 65.82 ± 0.51 21.64 ± 2.38
co-fermentation 6.20 ± 0.04 4.69 ± 0.03 19.78 ± 0.14 0.33 ± 0.01 5.35 ± 0.04 63.65 ± 0.49 7.77 ± 0.80

TS—total solids, VS—volatile solids.

2.2. Laboratory Bioreactors

Laboratory digesters with a total volume of 44 L were used in the tests, comprising a
maximum active volume of 32 L, with the remainder being the gas zone. The bioreactor
has the shape of an oblong cylinder, which is founded horizontally on a frame, with the
geometrical dimensions of the vessel being length 0.600 m and diameter 0.305 m. The
bioreactor uses hydrodynamic mixing. The bioreactor is equipped with a heating system
with an external Huber thermostat, as well as gas and suspension sampling ports.

The bioreactors were developed and manufactured at the Institute of Nuclear Chem-
istry and Technology in Warsaw, with the assumption that they would be used for testing
methane fermentation issues on a laboratory scale to optimise mono-fermentation and
co-fermentation processes and for its mathematical modelling. During the tests presented
here, the reactors were operated in a batch fashion. Mono and co-fermentation tests were
carried out at the same time in two identical bioreactors in the same way. Two experiments
each were performed for mono and co-fermentation. The samples for the tests were taken
in an identical way, as were the measurements of the amount of biogas produced and its
analysis. An important issue is to ensure adequate mixing in the reactors at laboratory
scale. To this end, the velocity distribution of the suspension inside the bioreactor during
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hydromixing was performed for an inflow and outflow hole diameter of 2 cm and a liquid
flow rate of 30 L/min [25]. The results showed the presence of circulating loops, which
indicates that hydromixing with the liquid stream results in good mixing of the bioreactor
contents. Computational Fluid Dynamics (CFD) computational methods, using the Fluent
package, were used for validation calculations.

2.3. Analitycal Methods

In the course of conducting the tests, measurements were taken of pH, TS, VS, C/N
ratio and daily production: biogas and biogas composition in terms of CH4, CO2 and H2.
TS and VS were measured in line with the methodology presented in the Standard Methods
for Examination of Water and Wastewater [26]. Biogas composition was determined using a
GA5000 biogas analyser from GeoTech, and the amount of biogas produced was measured
with a dedicated MCG01 m from Ritter. The C/N ratio of the TS was measured on a Flash
EA 1112NC Elemental Analyser from ThermoFinnigan. The pH was measured with a
CX-401 pH meter from Elmetron, equipped with an IJ44A pH electrode from Ionode. Gas
and suspension samples from the bioreactors were taken at a frequency of 3 to 5 times
per week.

2.4. Mathematical Modeling

A simplified Gompertz model was used to model the trend of the accumulation
curves. A multi-parameter estimation procedure was used to estimate the parameters
in the mathematical model, which was written in the SCILAB programming language.
SCILAB is a high-level programming language and was developed at the École nationale
des ponts et chaussées (ENPC) in France in 1990. The simplified Gompertz model is used to
describe biogas, methane or hydrogen accumulation curves with respect to the initial TS
or VS values in the bioreactor. The tests used a simplified Gompertz model in the form
of Equation (1).

ym(t) = am exp [−exp ((br e/am) (ct − t) + 1)] (1)

where
ym(t)—gas i accumulation (L/kg VS)
am—maximum biogas production value (L/kg VS)
br—biogas production rate (L/kg VS d)
ct—time of the incubation phase (d)
t—test time (d)
e—basis of the natural logarithm [2.718]
for i = biogas, methane, hydrogen
The maximum production value for biogas, methane and hydrogen presents the

amount of a given gas that can be produced from 1 kg VS. The production rate of a given
gas refers to the incremental production per day. The incubation phase time, on the other
hand, corresponds to the time of adaptation by the microorganisms to the feedstock in
question, after which the effective production rate of the gas in question is obtained.

3. Results and Discussion
3.1. Biogas Production Volume and Composition

Tests on the mono-fermentation of distillation residue and the co-fermentation of
distillation residue with sewage sludge were conducted over a period of 23 days. The
process times correspond approximately to the average residence time of the feedstock in
Polish agricultural biogas plants, e.g., in Miedzyrzecz Podlaski and Koczeregy-Parczew.
These biogas plants were built according to Polish Patent PL 197595, in which the pre-
hydrolysis stage was separated from fermentation.

The test results obtained for the accumulation and unit productivity of biogas, methane
and hydrogen are summarised in Table 2. The data in Table 2 show that the production of
biogas, methane and hydrogen is higher for mono-fermentation than for co-fermentation.
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The volume of biogas produced after 23 days of the test was almost 15% higher for mono-
fermentation, while the unit production volume (in terms of kg VS) was as much as 33%
higher. The differences are even greater to regarding the amount of methane produced. The
mono-fermentation process resulted in its increased total production, higher by almost 50%,
with a unit yield increase of 70%. This resulted in a significantly higher average proportion
of methane in the biogas produced, increasing from about 50% for co-fermentation to 63%
for mono-fermentation. In contrast to hydrogen, where the differences were small, at 4%.

Table 2. Overview of biogas, methane and hydrogen production after 23 days of distillation residue
mono-fermentation test and distillation residue co-fermentation test with sewage sludge.

Test
Biogas Methane Hydrogen Methane

/Biogas
(%) v/v

Hydrogen
/Biogas
(%) v/v(L) (L/kg VS) (L) (L/kg VS) (L) (L/kg VS)

mono-
fermentation 296.49 ± 29.65 333.14 ± 39.98 187.29 ± 20.60 210.43 ± 25.25 0.049 ± 0.005 0.056 ± 0.006 63.16 ± 0.57 0.017 ± 0.003

co-fermentation 259.12 ± 23.32 249.64 ± 27.46 128.13 ± 14.09 123.50 ± 13.59 0.056 ± 0.006 0.054 ± 0.006 49.47 ± 5.44 0.022 ± 0.003

In the literature reviewed, the specific methane production rate from sewage sludge
varies between 300 and 400 L/kg VS [27–29]. These values are much higher than those
obtained in the sewage sludge broth co-fermentation test, which may be due to the fact
that, in these tests, the production rate was related to the total feedstock mass. A similar
relationship was indicated in their test by Willińska-Lisowska et al. [30], where the specific
methane production rate for sewage sludge was 165 L/kg VS (considering the total feed-
stock mass), and this is similar to the rates obtained for co-fermentation. At the same time,
it was shown that regarding the mass of sewage sludge input only, this corresponded to a
productivity of as much as 460 L/kg VS, which, in turn, is close to the values presented in
the review papers. Furthermore, the unit biogas production per total input mass (306 L/kg
VS), presented by Wilińska-Lisowska et al. [30], is close to the values obtained in the present
study. Tests conducted in a similar research setting with corn silage fermentation showed
that the production rates of biogas (270.452 L/kg VS), methane (144.429 L/kg VS) and
hydrogen (0.030 L/kg VS) [25] were similar to the values obtained in the present study for
co-fermentation of distillation residue and sewage sludge. Furthermore, similar values
were obtained in the mono-fermentation of distillation residue (264.0 L/kg TS) and in the
co-fermentation of distillery residues with corn silage (341.0 L/kg TS) [31]. In contrast, sig-
nificantly higher unit methane production rates were shown in tests on co-fermentation of
pig slurry with food waste—278.8 L/ kg VS [32], and kitchen waste—328.39 L/kg VS [33].

The major difference between mono- and co-fermentation is due to the C/N ratio,
which was a result of the composition of the raw materials used in the tests. The C/N
ratio is a value resulting from the assumptions made regarding the initial TS value and
the proportion of inoculum in the tests. At the same time, it has an impact on the amount
of biogas produced. For mono-fermentation, the C/N ratio was 21.6:1, while for co-
fermentation, it was almost three times lower (7.8:1). In practice, this means that, for
co-fermentation, the availability of organic carbon is lower than for mono-fermentation.
Higher C/N ratios translate into higher biogas production, which was also observed in
tests on the co-fermentation process of chicken manure, dairy waste and wheat straw. Tests
were conducted for a wide range of C/N ratios (15:1, 20:1, 25:1, 30:1 and 35:1), which
was achieved by varying the feedstock ratio. In these tests, the optimum C/N ratio was
determined for a range from 25:1 to 30:1 [34]. Gunes et al. [35], analysing the impact of
pre-treatment methods for brewery waste and distillation residue from whiskey production
on biogas production rates, indicated that the C/N ratio should be in the range of 15:1 to
35:1. Therefore, the magnitude of the C/N ratio for mono-fermentation is within the range
of optimal values, while for co-fermentation, it is well below this range. Such a low value
for this ratio translated into lower biogas production volumes in the co-digestion test.

Figure 1 shows the daily biogas production rates for mono- and co-fermentation. In
these tests, the trend differs in a major way. In the case of co-fermentation, the maximum
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daily biogas production of 23.60 L/kg VS d is already present after one day. There is then a
rapid decline in daily production, which stabilises at 7–10 L/kg VS d after 5 days. From
day 16, however, there is a steady increase in daily biogas production, which rises from a
value of 6.40 to 12.41 L/kg VS d on day 23 of the test. For the mono-fermentation, there is a
gradual increase in daily biogas production, which reaches a maximum value (25.46 L/kg
VS d) on day 8 of the test. There is then a systematic decline in the volume of daily biogas
production to around 10 L/kg VS d until day 16. In the final period, production stabilises
at 5 L/kg VS d. The difference in daily biogas production can be attributed not only
to the availability of organic carbon by the microorganisms, but also to its origin. The
inoculum that was used for inoculation was taken from a municipal wastewater treatment
plant in Warsaw, which uses sewage sludge as a feedstock for methane fermentation.
This sludge is one of the feedstocks in the co-fermentation process, which means there is
no need for the microorganisms present in the inoculum to adapt to this carbon source.
In contrast, distillation residue is a feedstock that probably requires adaptation of the
microorganisms, which manifests itself in an extended period of reaching the maximum
daily biogas production value in the distillation residue mono-fermentation tests.
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Figure 1. Daily biogas production for mono-fermentation and co-fermentation.

The trend of the methane, carbon dioxide and hydrogen content changes in the biogas
during the tests is shown in Figure 2 (for distillation residue mono-fermentation process)
and Figure 3 (for distillation residue and sewage sludge co-fermentation process). On the
other hand, Figure 4 shows the changes in pH values during these tests.

The carbon dioxide content reached its highest value after 2 days of the experiment,
and was equal to 91.44% v/v and 92.90% v/v, in the mono- and co-fermentation tests,
respectively. Regarding hydrogen, its maximum content was observed even after the
first day of the process in the case of mon-fermentation and after 2 days of experiment
in co-fermentation and was equal to 0.100% v/v and 0.098% v/v (in the mono- and co-
fermentation tests, respectively).

The trend of changes in the methane content of the biogas in the co-fermentation test
shows that a plateau was reached after 9 days of experiments, and the highest methane
concentration was measured after 21 days, giving a concentration equal to 81.69% v/v. In
the case of mono-fermentation the increasing trend was observed with the highest con-
centration being attained after 23 days with a value of 77.91% v/v methane concentration.
As can be observed in this case, a plateau was not reached in the test; instead, there is
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evidence of a continuous slow increase in the daily methane content. Differences in the
trends of daily biogas production curves and methane and carbon dioxide concentrations
are due to the availability of microorganisms to organic carbon contained in feedstocks, and
also to the adaptation of the microorganisms contained in the inoculum to a given organic
carbon source. The inoculum contains a consortium of microorganisms that are adapted to
the environmental conditions from which they were taken and are then transferred to a
new environment, which may have a different feedstock composition to the existing one.
Tests on the adaptation of microorganisms that were isolated from different environments
and then added to the same feedstock, which was corn silage, were conducted by Woj-
cieszak et al. [36]. The tests were carried out in a similar manner in three bioreactors in
parallel, which allowed the results of the adaptation of different inoculums to be compared.
Inoculum came from an agricultural biogas plant in Międzyrzec (MP), from a cattle slurry
tank of a rural farm in Niemogłowy (GB) and from a municipal wastewater treatment
plant in Warsaw (WA). In these experiments, corn silage was used as feedstock. The tests
were conducted in a quasi-continuous feed reactor, with separation of the initial hydrolysis
phase from the major methane fermentation. The process in these systems was run for
55 days and was divided into three stages. Stage I lasted from day 1 to 15, stage II from day
16 to 30 and stage III from day 31 to 55, with Stages I and II comprising plant start-up and
Stage III biogas production. It was shown that the maximum methane content values were
obtained for Stage II (72% v/v, 74% v/v and 64% v/v, for MP, GB and WA, respectively).
In stage III, on the other hand, the average methane content was similar for all inoculums
used and was around 63% v/v. These results support the thesis that time is needed for
the microorganisms contained in the inoculum to adapt to the current composition of the
feedstock in the digesters. During the tests presented in this work, the maximum methane
content was 81.69% v/v for mono-fermentation and 77.91% v/v for co-fermentation), with
average values of 63% v/v and 49% v/v. Taking into account the fact that running the pro-
cess in a batch reactor (present study), compared with a quasi-continuous feedstock reactor
(as in the tests presented by Wojcieszak et al. [36]), is characterised by a higher conversion
rate of the organic feedstock; for mono-fermentation, the mean methane contents can be
considered comparable to the mean values presented in the tests of Wojcieszak et al. [36].
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Figure 2. Changes in methane, carbon dioxide and hydrogen in biogas for the distillation residue
mono-fermentation process.
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Figure 3. Changes in methane, carbon dioxide and hydrogen in biogas for the distillation residue
co-fermentation process.
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If the pH value is reduced below six, acidic fermentation starts to dominate, the trend
of which results in an increase in hydrogen and carbon dioxide content with less methane
content in the biogas. This type of fermentation is used to obtain hydrogen. The use of
sludge acid digestion to produce hydrogen from sludge from a municipal wastewater
treatment plant was presented by Gioannis et al. [37]. In this work, it was shown that
the optimum pH for this type of process was between 4.5 and 6.0. During acidogene-
sis, organic acids such as butyric or propionic acid are formed, which are converted in
methane fermentation to acetic acid and then to methane [38,39]. Methanogenic bacteria
are particularly sensitive to the magnitude of the pH, with an optimum value of 6.5 to
7.2 [40]. For this reason, laboratory tests use NaOH, NaHCO3 or CaCO3 to correct the pH
in methane fermentation. In the presented study, an initial pH adjustment was carried out
with NaHCO3 to a value of 7.0 (for mono-fermentation) and 7.3 (for co-fermentation). In
this way, conditions were created under which the fermentation process trended towards
methane fermentation. The lowest pH values were recorded after 2 days and 1 day of
the mono- and co-fermentation test and were equal to 6.73 and 7.07 (for mono- and co-
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fermentation, respectively), confirming that the applied conditions favourable for the trend
towards methane fermentation were present.

3.2. Modelling of Biogas Production Volumes and Composition

Methane is produced by the conversion of acetic acid by microorganisms (bacteria).
The decomposition of one mole of acetic acid yields one mole of methane and carbon
dioxide. During methanogenesis, an additional synthesis of 1 mole of carbon dioxide
with 4 moles of hydrogen takes place, where 1 mole of methane and 2 moles of water
are produced. A detailed scheme for methane fermentation is presented in the work of
Batstone et al. [38]. In this paper, a complex model of methane fermentation is presented
with its mathematical description in the form of the ADM1 model. It requires a large
amount of initial data on kinetic constants and yield coefficients for a given feedstock
composition and individual sub-reactions. For this reason, it cannot be used to describe
the fermentation process on the basis of biogas and methane production volumes and
TS and VS values alone. If one wants to make a simple analysis of the process, then it is
reasonable to use the simplified Gompertz model. This is a simple mathematical model
that uses accumulation versus dry matter or dry organic matter curves to describe the
process. In this way, the results obtained can be standardised and compared with each
other. This model has been used, among others, to describe accumulation curves per unit
VS obtained during the co-fermentation of pig slurry and rice straw [41], or co-fermentation
of municipal sludge with biological sludge [42].

Accumulation curves for biogas components are useful for process evaluation but
should be considered in relation to changes in the percentage concentrations of the indi-
vidual components and the amount of biogas produced per day. Figures 5 and 6 show
the trend of the cumulative biogas, methane and hydrogen production curves per unit
VS obtained from simulations with the Gompertz model in mono-fermentation and co-
fermentation tests. The biogas and methane production curves for mono-fermentation
approach a trend towards constant (plateau) values. For co-fermentation, on the other hand,
they have a constant upward trend, indicating that the plateau for them will be reached
after a longer retention time in the digester (more than 23 days). In the case of hydrogen,
the accumulation reached a maximum value after about 4 to 10 days for mono-fermentation
with a subsequent downward trend whereas for co-fermentation, the maximum is reached
after only 4 days and stabilizes on this level till the end of a test process. This indicates
that hydrogen is being used to generate methane. The parameter values of the Gompertz
models, calculated using SCILAB, are summarised in Table 3.
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Figure 5. Trends of accumulation curves obtained with the Gompertz model for the experimental
points in the mono-fermentation test.
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Figure 6. Trends of accumulation curves obtained with the Gompertz model for the experimental
points in the co-fermentation test.

Table 3. Gompertz model parameter values for the fermentation experiments conducted.

Test am
(L/kg VS)

br
(L/kg VS d)

ct
(d) R2

Biogas

mono-fermentation 395.340 26.782 2.486 0.9998
co-fermentation 658.363 11.067 0.000 0.9884

Methane

mono-fermentation 244.940 19.378 4.335 0.9992
co-fermentation 244.319 6.281 4.385 0.9924

Hydrogen

mono-fermentation 0.060 0.008 0.000 0.9842
co-fermentation 0.049 0.017 0.000 0.9744

The calculated correlation coefficients R2 indicate a very good match between the
experimental results and the simulation results (above 0.97). The maximum production
value (‘am’) is one of the model parameters and refers to the maximum volume of a given gas
that can be produced per unit VS. The simulation results showed that the maximum biogas
production volume is higher for co-fermentation, compared with mono-fermentation, by
166.5%. However, for methane production, the values are similar. The correlations obtained
from the model are opposite to the experimental results, where higher values were obtained
for mono-fermentation. It should be noted, however, that the calculated values of the ‘am’
parameter refer to the situation where a plateau would have been obtained in both tests.
The experimental results, on the other hand, indicate that such a situation would occur for
different process running times. In the tests presented here, the process was run for 23 days.
The simulation results indicate that the maximum biogas and methane production values
would have been obtained over a longer period of time than the tests lasted. At the same
time, the values obtained indicate that, in such a situation, the productivity would be higher
for co-fermentation compared to mono-fermentation. For hydrogen, where a plateau was
obtained, the maximum production value is 60% higher for mono-fermentation.

The daily production rates (‘br’ parameter of the model) of biogas and methane are
higher for mono-fermentation, by 242% and 308.5%, respectively. In contrast, they are 47.1%
lower for hydrogen, with hydrogen being converted to methane during fermentation with
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carbon dioxide. The parameter ‘ct’ corresponds to the time of adaptation by the microor-
ganisms, which, for the results presented here, is equivalent to the time of adaptation of the
contained microorganisms to efficiently produce biogas, the methane-producing microor-
ganisms and the hydrogen-producing bacteria. In the case of biogas, the consortium adapts
for 2.486 days (mono-fermentation), and for co-fermentation, this time is 0 days. This
confirms the thesis formulated earlier, whereby the bacteria contained in the inoculum from
the municipal wastewater treatment plant are already adapted to utilise the sewage sludge
used at this facility as an input to the digesters. For methane, the adaptation times are very
similar, at 4.335 and 4.385 d (mono-fermentation and co-fermentation). The differences
between the two tests are negligible due to the fact that methane production is the last stage
of the fermentation process. For hydrogen, the adaptation time is 0 d in both cases, which
is related to the production of hydrogen already in the first stage of the process.

Kang et al. [16] presented the results of their work on the fermentation of whiskey
production waste subjected to chemical and thermal pre-treatment. The experimental
results allowed the determination of methane accumulation curves by simulation using a
modified Gompertz model. The maximum production rate for methane was 394.9 L/kg
VS, with a production rate of 30.4 L/kg VS d and an adaptation fermentation time of 1.49 d
(R2 = 0.997). These values differ from those obtained for the mono- and co-fermentation
tests. Maximum production rates for methane are lower by more than 70% and daily
methane production rates are lower by 50% (mono-fermentation) or even 400% (for co-
fermentation). Such large differences may be the result of the pre-treatment of alcohol
production waste used in the test by Kang et al. [16]. On the other hand, the adaptation time
is longer, indicating a longer period required for the inoculum to adapt to the distillation
residue, which may be an additional reason for the lower values of maximum production
and production rate of methane generation.

The simplified Gompertz model can be used to describe biogas, methane or hydrogen
accumulation curves. Its use enables predictions to be made that can save time in methane
fermentation tests. The data from the model determined for experimental tests of 23 days
can be used for simulations without the need to run the process further.

3.3. Potential for Using Distillery Stock in Poland

Poland is the largest producer of spirits in the European Union and the fourth largest
in the world. Around 320 million litres of spirits are produced annually. The quantities of
distillation residue produced as waste, therefore, amount to millions of tonnes per year.
According to the Polish Statistical Office, each kilogram of spirit produced yields between
4 and 10 kg of distillery by-product, namely, distillation residue.

There are almost 130 agricultural distilleries producing ethanol in Poland [22]. Some
of them have implemented systems to dehydrate decoctions and produce feed from them,
but this only applies to distilleries working with cereals and corn, while it is not possible to
produce feed from decoctions based on industrial waste such as molasses. For economic
reasons, producers are increasingly switching from cereal-based decoction to molasses-
based decoction, which is most often used as fertiliser exported to agricultural fields.
However, fertilisers cannot be applied all year round. In Poland, during the winter period
(from December to February), it is prohibited to take any substance to the field for fertiliser
purposes. During this period, spirit producers are obliged to store distillation residue or
to allocate them to other uses, e.g., use for biogas production. Figure 7 shows the raw
materials used for biogas production in agricultural biogas plants in 2021. Distillation
residue is ranked first in the raw materials used for biogas production (19%), followed by
slurry and fruit and vegetable residues (approximately 17% and 15% each, respectively).
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Considering the annual alcohol production, the mass of distillation residue produced
can be estimated at 1–2.5 million tonnes per year. There is information available in publi-
cations on the characteristics of distillation residue generated during alcohol production,
based on different starting feedstocks. Kang et al. [16] reported that the TS of the alcohol
production stock they used was 7.87 ± 0.38%, with a VS of 94%. Higher values were pre-
sented in their publication by Luna-del Risco et al. [43]. The distillation residue used in their
test had a TS of 9.5%, with a VS of 93%. The parameters of stillage from a distillery located
in Poland were presented in their study by Remiszewska-Skwarek et al. [44]. Depending
on the batch of waste used, the TS content ranged from 6 to 8%, with a VS proportion in
the range 81–95%.

Based on this information, the annual mass of dry waste in the form of distillation
residue produced in Poland can be determined in the range of 60.6 to 240 t TS, and 54.5 to
227.8 t VS. Assuming that the entire mass of this waste would be utilised for biogas pro-
duction in industrial biogas plants operating a mono-fermentation process of this feedstock,
then, at the unit production rates determined in the present tests (333.14 L biogas/kg VS,
210.43 L methane/kg VS), the annual biogas yield would be between 18,170 and 75,910 mil-
lion m3. In Poland, there were 128 agricultural biogas plants at the end of 2021, which are
able to produce over 513 million m3 of agricultural biogas annually [22]. Therefore, fully ex-
ploiting the potential contained in distillation residue would enable at least a 35-fold increase
in the volume of biogas produced. This volume of biogas from renewable sources would
significantly reduce the use of fossil fuels such as coal or natural gas.

4. Conclusions

Tests were carried out to determine the specific production values of biogas, methane
and hydrogen for the distillation residue mono-fermentation process, using inoculum not
adapted for such a source of organic feedstock (taken from the digesters of municipal
WWTP). For comparison, tests were also carried out on the co-digestion process of dis-
tillation residue with sewage sludge for the same source as an inoculum, i.e., previously
used in the methane fermentation of sewage sludge. It was shown that, during the 23 days
of the process, the productivity with regard to biogas and methane is clearly higher for
mono-fermentation (by up to almost 50%), while, at the same time, the proportion of
methane in the biogas produced is higher. With regard to hydrogen, on the contrary, the
values obtained are similar and in line with those available in the research literature.

Based on the test results, it can be concluded that distillery residues could be a good
feedstock for biogas production. It seems that a better way of using this feedstock would be
mono-fermentation, which could be carried out in industrial biogas plants located on the
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premises of distilleries producing ethyl alcohol (raw spirit) or in municipal biogas plants
ensuring the utilisation of this type of industrial waste. It has been estimated that in Poland,
which is one of the largest producers of alcohol in the European Union, full utilisation
would cause at least a 35-fold increase in the volume of biogas produced in 2021.

The results of the laboratory-scale tests were used to model the fermentation pro-
cess using a simplified Gompertz model. From the multi-parameter estimation, process
parameters (am, br and ct) were obtained that describe the trend of distillation residue
mono-fermentation and its co-fermentation with sewage sludge. On this basis, it is possible
to simulate the trend of the processes and their prediction for longer time periods than
were obtained in the experiments presented. The obtained model parameters confirmed
the thesis that the bacteria contained in the inoculum are already adapted to the use of
sewage sludge, but need to be adapted in relation to distillation residue. At the same
time, it was shown that it would be possible to achieve a theoretical unit volume of biogas
productivity in the co-fermentation process, but this would require longer retention times
for this input in the digesters. With regard to methane, on the other hand, the adaptation
time is similar, which is due to the fact that the methane production phase is the last stage
of the methane fermentation process. It was also shown that it is possible to achieve a
theoretically higher unit volume of biogas productivity in the co-fermentation process, but
this would require longer retention times for this input in the digesters. Modelling results
indicate that distillation residues can also be a promising feedstock for digesters located
in municipal WWTPs, which very often use extended retention times in the reactors to
achieve energy self-sufficiency.

This paper emphasises how important, from the industrial point of view, the system
scale is. In most of the papers already published, investigations were carried out in
very small laboratory batch vessels. However, mixing and mass transfer in such vessels
are usually assumed to be perfect, and this assumption is correct as long as the scale is
relatively small (laboratory bioreactors of a few litres in volume at maximum. In the present
work, however, the scale of the bioreactor increased remarkably (1:10 scale-up), which
consequently showed that some additional issues regarding mixing (and possibly mass
transfer) start to play a role. It is planned to continue work on the optimization of system
geometry and hydro-mixing in the increased-scale tanks (another 1:10 scale-up is possible)
by application of the methods based on CFD, linked to the experimental data.
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