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Abstract: Innovative low-temperature disintegration (process temperature 55 ◦C and oxygen concen-
tration 0.2 mg/dm3) can be an economically rational technology to intensifying energy production
from renewable sources. The proposed process can achieve a degree of disintegration—under op-
timal conditions—of about 50%, which is excellent when compared with other methods of feed
pre-treatment. The low-temperature disintegration of distillation residue and waste-activated sludge
before the co-fermentation process increased biogas production by 30% and methane production by
65% (over a 26 d duration). The obtained results confirm that the low-temperature disintegration
method can be effectively used to pre-prepare this type of feed. At the same time, it was discovered
that the Gompertz model can be used to mathematically describe the biogas accumulation curves in
the methane co-fermentation processes of the tested feeds (the correlation coefficients were higher
than 0.98).

Keywords: low-temperature disintegration; waste-activated sludge; distillation residue; co-digestion;
Gompertz model

1. Introduction

In November 2018, the European Commission presented a long-term strategy for
reducing greenhouse gas emissions, showing how Europe might lead the world along the
path towards climate neutrality by creating a zero-greenhouse gas emissions economy [1].
The vision of the European Commission comprises seven main strategic elements, including
the maximization of energy efficiency, including the use of renewable energy sources (RES)
to fully decarbonize energy supplies in Europe.

The development of renewable energy sources in Poland, despite many difficulties,
has become a necessity due to the requirements of environmental protection related to high
greenhouse gases emission in the power sector. The increase in demand for electricity and
heat is related to the growing demand of the economy and the service sector. Satisfying
these needs requires a disorganized structure of the so-called energy mix and is an incentive
to work on the application of low-emission solutions, such as RES and nuclear energy [2].
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The use of these energy sources will reduce the emission of gaseous pollutants, including
those causing climate change and harming human health and the natural environment.

Highly effective methods of biological and chemical treatment aimed at increasing the
removal of biogens and reducing organic matter generate significant amounts of sewage
sludge (at an estimated amount of 2841.739 thousand tons in the European Union in 2018),
which require management [3]. Therefore, looking for the new, economically rational and
highly efficient solutions for sludge management is crucial and—bearing in mind that the
costs of sludge treatment currently account for 50 to 70% of the operating budget of most
wastewater treatment plants—even a cut of 1–2% would offer measurable financial results
(in millions of zlotys). Concurrently, striving to maximize the use of RES is one of the
European Union’s priorities for the next 30 years [1]. Therefore, solving problems related to
the management of activated sludge (excess and primary) slots perfectly into the European
Green Deal strategy and may constitute a significant contribution to the development of the
RES economy, while the waste itself is a source (bioproduct/bio-waste) of highly efficient
renewable energy [4]. Hence, the intensification of biogas production obtained as a result
of fermentation of sewage sludge, whether as a result of disintegration or co-fermentation
processes, and simultaneous biorefining, is an important branch of industry 4.0.

Several new agricultural biogas plants have been built in Poland in recent years, and
this sector has the potential to grow due to the easy availability of raw materials and waste
from the agri-food industry [5]. The Institute of Nuclear Chemistry and Technology has
worked with partners to co-develop a modern biogas production plant. This solution
uses the technology of anaerobic biomass processing carried out in two separate stages,
hydrolysis and fermentation. This technology introduces a cascade system of tanks and
equipment in the anaerobic fermentation system—i.e., hydrolyzers, fermenters, press or
decanter centrifuge, and composter. Digestate, together with methane bacteria returned
through the pipeline to the biomass preparation system and to the hydrolyser, accelerates
the hydrolysis process and recycle the dry matter in suspension [6]. This installation uses a
hydraulic system to simultaneously ensure transport of the suspension from the hydrolyser
to the fermenter. The forced movement of the suspension is obtained by operating circula-
tion pumps. Pumped slurry supplies the fermenter with a free stream falling on the surface
of the liquid, breaking the root formed during the methane fermentation process. The
geometry of the suspension flux discharge and supply system was developed on the basis
of numerical simulations (CFD methods) to confirm the hydro-mixing efficiency of the fer-
mentation suspension in fermenters. Computer simulation of nonsteady, three-dimensional
fluid flow was performed using CFD. Visualization of velocity vectors, current lines, and
trajectories of biomass suspension helped to model the mixing process and identify the
structure, mixing, and dynamics (dead spaces, partial mixing, piston flow). Thanks to
discretization and the numerical solution of partial differential equations describing the
flow, it was possible to determine the distribution of velocity, pressure, temperature and
other flow parameters [7]. Two agricultural biogas plants with a capacity of 1.2 MWe each
were built in Poland and supply electricity to the national grid.

In order to boost biogas production capabilities during the fermentation process, it is
possible to pre-prepare the sludge (or another substrate that may constitute the fermentation
input) using various methods. Disintegration is a process that causes destruction of
structures within a flocculation of biological material (e.g., activated sludge) and disruption
and lysis of microbial cells, via various methods. The most commonly applied methods are
mechanical and ultrasound, and high-temperature (above 100 ◦C) thermal methods [8–10].
In recent years, low-temperature methods (below 100 ◦C) have also become more and more
popular, whereby the energy input is much lower than in the case of high-temperature
methods [11]. Low-temperature disintegration, despite lower energy consumption in
relation to high-temperature disintegration, is not a commonly used process, as evidenced
by the paucity of publications on the topic. Therefore, determining its impact on the
intensification of biogas production, with simultaneous co-production, would significantly
fill knowledge gaps, especially from the point of view of operators.
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A modified Gompertz model [12] was used to interpret and give meaningful descrip-
tion of the biogas accumulation curves. Due to its simplicity of description and good
compatibility with experimental data, this model is often used to estimate the amount
of biogas produced per dry weight unit. In addition to simplified models describing the
production of biogas from a unit of dry matter or dry organic matter, the literature also
offers more complex models such as ADM1 [13]. However, models of this type (including
ADM1) require knowledge of many more parameters, and so the reliability of the former
largely depends on the accuracy of the latter. In such a case, it is recommended to perform
preliminary simulations determining the sensitivity of the influence of individual kinetic
constants on the course of the tested and described process. However, the definite advan-
tage of this class of models is a more complete description of the course of the methane
fermentation process, considering most of the paths of changes, as well as the possibility of
taking into account the balance of individual components in gas as well as liquid phases.

The study presented in this paper is related to upgrading the developed and imple-
mented solution to be applied for biogas from the co-fermentation of mixed waste—surplus
sludge from municipal wastewater treatment plants and waste of agricultural origin. Dis-
integration of such mixed waste plays a key role in equalization of the content and flocks
size to assure bacteria access to biomass bulk. Preliminary preparation of substrates in
agricultural biogas plants and municipal settings located at municipal wastewater treat-
ment plants is aimed at increasing the efficiency of biogas production, which can be used
in the cogeneration process to produce heat and electricity. In addition to the production
of biogas, hygienized digestate obtained from excess sludge can be used as a valuable
organic fertilizer [14]. Utilization of sludge from wastewater treatment plants, including
surplus sludge and waste materials from the agri-food industry in the process of methane
co-fermentation, may be a method that will boost the production of biogas from available
resources of raw materials containing organic carbon

The low-temperature method for conditioning substrates in the co-fermentation pro-
cess leads to enhanced methane production efficiency [15]. This paper compares the results
of biogas production efficiency in the co-fermentation of a mixture of distillery decoction
and excessive sludge subjected to preliminary conditioning by low-temperature disinte-
gration with co-fermentation of the substrates themselves without their initial preparation.
The method of low-temperature disintegration was developed at the Gdańsk University
of Technology.

2. Materials and Methods
2.1. Research Material

Waste-activated sludge and digestate delivered from the municipal wastewater treat-
ment plant in Warsaw were used for the research. The distillation residue came from a
distillery located in southeastern Poland. The characteristics of the substrates are pre-
sented in Table 1. A mixture consisting of 20% w/w digestate (used as the inoculum)
and 80% w/w stillage mixed with excess sludge in a ratio of 1:3 was used to feed the
reactors. The proportion of stillage to excess sludge was determined based on preliminary
laboratory tests.

Table 1. Characteristics of the substrates used in the research.

Substrate Total Solids (TS) [% w/w] Volatile Solids (VS) [% w/w]

Inoculum 2.0–2.8 47–75
Waste-activated sludge 0.5–3 55–75

Distillation residue 6–8 81–95

During the research, two experiments labeled E1 and E2 were carried out in tandem
using two identical reactors. The experiments differed only in terms of the initial prepara-
tion of the reactor feed (Table 2). The content of dry matter (TS) and organic dry matter
(VS) in the feed was established, and the carbon to nitrogen (C/N) ratio was determined.
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Table 2. Characteristics of the feed used in the research.

Experiment Disintegration Method Total Solids (TS)
[% w/w]

Volatile Solids (VS)
[% w/w] C/N

E1 none 5.5 64 9.3
E2 low-temperature 5.3 61 7.8

For the reference reactor (E1), initial feed hydrolysis was carried out at a temperature
of approx. 30 ◦C during the first two days. The main process of methane fermentation was
carried out at a temperature of about 38 ◦C. The initial pH in the fermenter was adjusted to
7.2–7.3 by adding NaHCO3.

2.2. Low-Temperature Disintigration

The process of low-temperature disintegration of the tested feed was carried out on a
laboratory scale with the use of reactors with a total volume of 20 dm3, equipped with a heat
distribution system, an apparatus for inputting oxygen into the reactor, and mechanical
stirrers. During each of the experiments, 15 dm3 of feed was tested, with the following
processing conditions:

− Processing temperature: 45 and 55 ◦C;
− Feed retention time in the reactor: 24 and 48 h;
− Oxygen concentration in the reactor during the process: 0.2 mg/dm3;
− Mixing intensity: 25 Hz.

The selection of conditions for the process was developed on the basis of previously
conducted studies using feed with similar physicochemical characteristics and on infor-
mation from the literature on the disintegration process for various substrates [16]. To the
best of author’s knowledge, a temperature range of 45–55 ◦C and feed retention time can
allow a beneficial solubilization degree to be obtained; dissolved oxygen concentration
of 0.2 mg/dm3 ensures aerobic condition of process; mixing intensity of 25 Hz ensures
distribution of oxygen as well as heat.

In order to determine the effectiveness of the low-temperature disintegration process,
the tested feed was also subjected to a process of chemical disintegration. For this purpose,
a 1 M NaOH solution was added to 500 cm3 of the tested feed and the whole batch was
mixed by a mechanical stirrer for 24 h.

2.3. Laboratory Methane Fermentation System

In research on the production of biogas from investigated substrates, horizontal cylin-
drical fermenters were used with diameter d = 0.305 m and length l = 0.60 m. The volume
of the fermenter was V = 44 dm3. The volume of the initial suspension in the fermenter
was 32 dm3. The reactors were located on a rack and equipped with thermocouples to
measure the temperature inside them. Thermostat systems installed in reactors were made
of coils in tanks with Hubber thermocirculation statues connected to them. A diagram of
the reactor is shown in Figure 1 and the photo in Figure 2.

To evaluate distribution the velocity of the suspension inside the fermenter dur-
ing hydro mixing, simulations were carried out using Fluid Mechanics software (CFD
simulation software Ansys Fluent). A diagram of the velocity distribution in the longi-
tudinal section, containing the symmetry axis of the fermenter, for volume flow of the
suspension Q = 30 dm3/min. and diameter of the inflow and outflow pipes d = 2 cm are
shown in Figure 3. The obtained results demonstrated the presence of circulation loops,
proving the design assumption that hydromixing the liquid stream causes good mixing
fermenter content [17].

During the experiments, samples of the suspension were collected from the fermenters
2–3 times per week, and gas samples were collected 5–6 times per week. The fermenter
suspension samples were tested for TS and VS content.
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2.4. Analytical Methods

TS and VS were measured according to the norms described in Standard Methods for
Examination of Water and Wastewater [18]. The gas composition (in relation to CH4, CO2)
was determined on an ongoing basis with a GeoTech GA5000 biogas analyzer. The amount
of biogas was measured using a dedicated Ritter MCG 01 biogas meter. The C/N ratio in
TS was measured on a ThermoFinnigan Flash EA 1112NC Elementary Analyzer. The pH
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measurement was performed with a laboratory pH meter Elmetron CX-401 in cooperation
with a pH Elmetron Iodone IJ44A electrode.

For samples taken during the disintegration process, the following characteristic
parameters were determined for the tested feed: pH, conductivity, redox and dissolved
oxygen concentration (analyses performed via a multi-functional HQ40D meter, Hach,
Germany). In order to determine the characteristics of the dissolved phase, the feed
samples were centrifuged (10,000 RPM, 30 min) and filtered under reduced pressure
(filters with a pore diameter of 0.45 µm). The resulting dissolved phase was subjected to
spectrophotometric analyses to determine chemical oxygen demand (COD); concentrations
of nitrates and nitrites (NO2-N, NO3-N), ammonium, and total nitrogen (NH4-N, TN); and
concentrations of volatile fatty acids (VFA), phosphate phosphorus, and total phosphorus
(PO4-P, TP). During the disintegration process, changes in the concentrations of selected
substances released during this process—ammonia, hydrogen sulfide, oxygen, methane,
and carbon dioxide—were determined by using an analyzer of mixed gas composition
(Biogas 5000 Gas Analyzer, Geotechnical Instruments, Ltd., Leamington Spa, UK).

The degree of disintegration for samples taken during the low-temperature disintegra-
tion process was determined based on COD and TCOD values (determined as COD for sam-
ples subjected to the chemical disintegration process), according to the following formula:

DD = [CODtreated − COD0/TCOD − COD0] × 100% (1)

where:
DD—disintegration degree [%];
CODtreated—COD values for samples after low—thermal disintegration [mg/dm3];
COD0—COD values for untreated samples [mg/dm3];
TCOD—total COD values obtained from chemical disintegration [mg/dm3].

2.5. Mathematical Modelling

In order to describe mathematically the biogas accumulation curves generated in
the methane co-fermentation processes, a modified Gompertz model was used, which is
applied in the presence of sigmoid curves. This model was used to model the biogas accu-
mulation curves obtained in the methane co-fermentation processes of fruit and vegetable
waste with sugar cane bagasse [12]. The basic relationship used to describe the released
biogas during the fermentation process can be represented by a modified logistic curve
expressed in this case as:

y(t) = a exp [−exp[(be/a)·(c − t) + 1]] (2)

where:
y(t)—biogas accumulation [dm3/kg TS]
a—maximum value of biogas production [dm3/kg TS]
e—base of natural logarithm 2.718
b—biogas production rate [dm3/kg TS d]
c—incubation phase [d]
t—experiment time [d]
The quantity of biogas accumulation is calculated on the basis of three parameters and

the duration of the methane fermentation process. Maximum biogas production means the
amount of biogas that can be produced per dry weight unit. The rate of biogas production
is described by rate constant of first order, and the adaptation phase refers to the time
needed for microorganisms to multiply in the fermenter after inoculation preceding the
logarithmic growth phase.

3. Results and Discussion
3.1. Low-Temperature Disintegration Efficiency

The effectiveness of the low-temperature disintegration process for the tested feed
may be determined on the basis of results obtained during analysis. The characteristics
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of the sludge and the dissolved phase obtained in the sludge samples before and after
the disintegration process are presented in Table 3. Following an analysis of the obtained
results, some changes may be demonstrated in the composition of the tested substrate
that are of particular relevance to this process. The pH values presented in Table 3 drop
slightly during the disintegration process, but it is worth noting that regardless of the
process conditions, the pH value always remains above 6.0, which may indicate good
process stability. A similar conclusion may be drawn following an analysis of the values of
dissolved oxygen concentrations obtained and the redox potential. The O2 concentration
ranges from 0.1–0.4 mg/dm3, yet the redox potential always remains positive, which proves
good oxygen availability for the tested substrate, which is vital from the point of view of
maximizing the decomposition of the tested biomass.

Table 3. Physical and chemical characteristics of the dissolved phase of the initial feed and after being
subjected to the low-temperature disintegration process.

Temperature (◦C)
Raw Sample

45 ◦C 55 ◦C

Feed Retention Time (h) 24 h 48 h 24 h 48 h

pH (/) 6.8 6.6 6.4 6.2 6.1
Redox (mV) 106.3 62.4 38.2 51.6 33.1

Conductivity (mS/cm) 10.6 11.1 15.6 11.2 17.2
DO (mg/dm3) 0.4 0.2 0.2 0.1 0.2

COD (mg/dm3) 22,905 34,589 38,223 42,331 49,885
LKT (mg/dm3) 4902 9020 12,389 11,090 15,223

PO4-P (mg/dm3) 19.1 44.5 51.3 55.7 75.9
TP (mg/dm3) 22.0 48.2 57.8 61.2 82.0

NO2-N (mg/dm3) 9.2 11.2 15.3 21.2 24.3
NO3-N (mg/dm3) 45.0 101.2 134.0 145.2 180.2
NH4-N (mg/dm3) 143.2 211.0 254.6 344.6 455.6

TN (mg/dm3) 233.2 334.2 445.3 773.2 920.1

Considering the parameters illustrating the rate of organic matter decomposition
during the disintegration process, special attention should be paid to the COD and VFA
values obtained for samples subjected to the low-temperature disintegration process. Based
on the data collected in Table 3, it can be concluded that in the case of the conducted
research, the values of these two parameters are much higher for the thermally processed
feed. When the process was carried out at 55 ◦C with a retention time of 48 h, a nearly two-
fold increase in COD concentrations and an over three-fold increase in VFA concentrations
was noted with respect to the values of these parameters obtained for the non-integrated
charge. Conducting the process in such conditions yields the highest values, and so the
process of matter decomposition is highly intensive.

During the disintegration process, a sharp rise in the release of various forms of
compounds containing nitrogen and phosphorus was also observed, as detailed in Table 3.
The decomposition of complex compounds into simpler forms is also associated with an
increase in conductivity, which results from the growth in the number of ionized forms
dissociating in aqueous solutions and capable of transferring electric charges.

Based on the COD values obtained while testing, after the process of low-temperature
disintegration and chemical disintegration, it was possible to determine the degree of
disintegration (DD); the results are presented in Figure 4. Based on these outcomes, it can
be concluded that a peak value of 52.39% was obtained for 48 h of feed retention time in
the reactor at a temperature of 55 ◦C. Conducting the process at 45 ◦C makes it possible
to obtain a DD of 37.72%, while a retention time of 24 h, regardless of the temperature,
yields DD values below 30%. Therefore, when interpreting the results obtained, it should
be stated that in the case of the tested substrate, it is recommended to conduct the process
at a temperature of 55 ◦C, maintaining the sludge retention time in the reactor at 48 h.
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Table 4 summarizes the concentrations of the main components of the gas released
during the low-temperature disintegration process. Two compounds—hydrogen sulfide
and ammonia—deserve particular attention. The concentrations of these two substances
are definitely higher for the process carried out at 55 ◦C (for both feed retention times
of 24 h and 48 h). Hydrogen sulfide is commonly considered to pose a strong odorous
nuisance due to its very low odor threshold concentration. Therefore, even at very low
concentration levels, it can significantly increase the degree of odor nuisance related to,
inter alia, the processing of sewage sludge. Ammonia is another one of the most onerous
odorants that, when present in the reaction gas, present a challenge in terms how to purify
the gas and eliminate the emission of these compounds.

Table 4. Reaction gas parameters measured during the low-temperature disintegration process for
the tested feed.

Main Components of the Gas
45 ◦C 55 ◦C

24 h 48 h 24 h 48 h

CH4 [%] 0.2 0.3 0.3 0.4
CO2 [%] 0.2 0.2 0.8 0.7
O2 [%] 19.8 19.9 19.7 19.7

NH3 [ppm] 4.9 5.0 27.0 38.4
H2S [ppm] 4.2 7.0 32.0 47.1

The results presented in this paper make it possible to assess the effectiveness of the
low-temperature disintegration process for the tested feed, which is a mixture of waste-
activated sludge and distillation residue. VFA and COD are certainly relevant indicators
for the degree of decomposition of the tested biomass and the degree of disintegration.
Regardless of the process temperature set or the feed retention time in the reactor, an over
50% increase in VFA or COD is obtained compared to a non-disintegrated test. In the
literature, such values are considered extremely favorable and often difficult to achieve
in less than 24 h. The literature presents a significant number of examples that tend to
refer to the efficiency of disintegration of excess sludge only. However, in one study [19],
the effectiveness of this process was compared for higher temperatures (70, 80, and 90 ◦C)
and within a much shorter duration (15, 30, and 60 min). In this case, the authors indicate
that such a short time makes a temperature of 70 ◦C relatively ineffective for achieving
a highly efficient decomposition of complex compounds; for example, the disintegration
level determined for this temperature was only 1.36% for a 24 h retention time. In the case
of the tests described in this paper, it was necessary to extend the time to a minimum of
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24 h, while using a much higher process temperature (90 ◦C) to obtain a disintegration
level of 17.81%, which is still relatively low compared to the values obtained in this study.
From an economic standpoint, it is extremely relevant to find the optimum in terms of the
substrate retention time in the reactor, while reducing the energy consumption needed to
heat the substrate to higher temperatures, not only on a laboratory scale but, above all, on
a technical scale. Moreover, low-temperature disintegration executed at a temperature of
90 ◦C yields a relatively large amount of water that converts into steam, hence the necessity
to condense the vapors and return them to the reactor—e.g., by using a cooler.

It is also worth paying attention to the level of disintegration, which illustrates the
potential of the proposed solution in the terms of pre-treating the tested feed. During
the research presented in this paper, this ranged (depending on the process conditions)
from about 20 to about 50%. Studies are often cited in the literature in which the authors
obtained much lower levels (approx. 15–25%), both for heat treatment and with the use of
other disintegration methods [11,20,21].

Therefore, referring to the examples from the literature, one might conclude that the
proposed solution for pre-treating the tested feed can achieve effective decomposition of
complex compounds into simpler forms, easier to decompose further during methane
fermentation. The proposed technology offers a much better use of waste, such as sewage
sludge, and raw materials such as stillage, whose addition to the sludge using the presented
method of treatment does not damage the process. In order to maximize the benefits of the
presented method, the release of odorous substances should be taken into consideration
because, due to the low threshold values of odor perceptibility, they may prove onerous
(notwithstanding their harmful impact on human health) [22]. The levels of ammonia
and hydrogen sulfide concentrations obtained during the process carried out at 55 ◦C are
much higher than at 45 ◦C. When analyzing the threshold values of these compounds, the
concentrations obtained for the higher of the two temperatures are relatively high, and when
implementing the proposed technology, it will also be necessary to introduce technology to
reduce emission to the environment. These compounds are commonly known odorants,
and there are many methods outlined in the literature on how to neutralize their negative
environmental impact [23,24]. Unfortunately, biomass pre-treatments are still insufficiently
researched to determine their effectiveness levels with simultaneous evaluations of the
odor properties of biogas streams. For this reason, there is a need to carry out further
research in order to determine the relationship between the strength of the odor released
and the chemical composition of odor mixtures. On the other hand, taking into account the
obtained test results holistically, it can be concluded that conducting a low-temperature
disintegration process for the tested feed may help achieve satisfactory levels. Despite
longer residence time and higher reactor volume, low-thermal disintegration in comparison
to substrate pre-treatment at higher temperature can allow good solubilization of biomass
to be obtained. Longer duration time can have positive impact on rheological properties of
the substrate before anerobic digestion. As a consequence, biosolids can have better quality
in terms of odor emission.

3.2. Production and Composition of Biogas

The low-temperature disintegration method for pre-preparing the feed, which in-
cluded waste-activated sludge and distillation residue, boosted the amount of biogas
produced along with its methane content. It was discovered that the production of biogas
increased by 30% and methane by 65% (Table 5). At the same time, the rate of biogas produc-
tion increased by 36% in relation to the co-fermentation of the feed without pre-preparation.
The test results are presented in Figure 5 with biogas and methane accumulation curves.

Table 5. Accumulation of biogas and methane over a 25-day fermentation process.

Experiment Biogas [dm3/kg VS] Methane [dm3/kg VS] Methane [% v/v]

E1 295.3 153.4 53.6
E2 384.0 253.8 66.1
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The conducted study may be compared with the research presented by Garlicka et al. [25]
made in identical bioreactors. Here, waste-activated sludge was used without super-
electronization, but the excess sludge was fed by hydrodynamic disintegration, during
which a cavitation effect occurred. As a result of this research, a 37% increase in the amount
of biogas production was obtained, while methane was up by 152% per VS unit at an
optimal energy density equal to 140 KJ/dm3 [25]. This leads to the conclusion that the
application of the hydrodynamic and low-temperature disintegration method boosts the
amount of biogas and methane for waste-activated sludge. The effect of supplementation
on excess sludge has not been investigated, nor have the two methods been compared. Both
methods require mechanical or thermal energy supply, which may affect their profitability.

Most research on the methane fermentation process tends to be performed in small
volumes ranging from 0.1–2 dm3, due to applying the methane fermentation test procedure
developed by Angelidaki et al. [26]. The research presented in this article was conducted on
a much larger volume of tens of liters. Therefore, compared to standard studies, the scale
of this research was about 10 times larger. In the case of the co-fermentation of wheat straw
(WS) with the addition of sunflower meal (SM), a 61% increase in biogas was observed.
While applying the initial feed processing with the use of the high-temperature method
(HT), the best result was obtained at a temperature of 180 ◦C. However, these studies were
conducted in 300 cm3 bottles. The use of supplementation and the HT method increased
the amount of biogas produced by 94% [27].

The influence of low-temperature disintegration on feed subjected to co-fermentation
in the presented study may be assessed on the basis of the data appearing in Table 2. The
values of TS and VS for experiment E2 are not significantly lower than those for experiment
E1. This indicates a slight loss in terms of dry matter and organic matter. At the same
time, a decrease in the C/N ratio of 9.3 to 7.8 was discovered, which proves a decrease in
the organic carbon content in the liquid after feed disintegration. The data on VFA and
COD (Table 3) in the liquid before and after disintegration at 55 ◦C confirm the increased
presence of organic carbon in the sample after disintegration. The increase in COD is 117.5%
and the increase in VFA is 210.5%.

The literature includes the results of tests conducted on various types of feed in order
to obtain the best biogas efficiency per kilogram of substrate dry matter. Very often, these
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studies have focused on the composition of two or three substrates (referred to as the co-
fermentation process). At present, mixes are often sought that enable the elimination of one
of the components whose disposal poses a serious problem due to applicable regulations.
For this purpose, co-fermentation of sewage sludge and with a certain group of waste is
used in order to protect the natural environment and close the waste management cycle.
Articles published on this subject present research on various feeds (Table 6) at various
scales, from laboratory to semi-technical.

Table 6. Methane co-fermentation of sludge from wastewater treatment plants with wastes from
various industries and trades [28,29].

Sludge Type Co-Substrate Ratio Methane
[m3/kg VS]

Mixed sludge

Food wastes 60/40 (VS/VS) 0.18–0.33

Waste grease 40/60 (VS/VS)
48/52 (VS/VS)

0.49
0.55

Hydrolyzed pulp Variables 0.36–0.54

Glycerol 99/1
77/23 (VS/VS)

0.78
0.86

Fruit and vegetable waste 82/18 0.57
Waste oils 94/6 (VS/VS) 0.63

Waste-activated sludge

Slaughter waste 95/5
7/1

0.62
0.43

Organic fraction of municipal
waste

84/16 (VS/VS)
59/41 (VS/VS)

0.17
0.28

Bio-waste 50/50 0.42
Distillation

residue (this study) 75/25 0.254

3.3. Kinetics of the Co-Fermentation Process

The estimation of the model parameters, simulation of the unit biogas production and
the r2 correlation coefficient are summarized in Table 7 and Figure 6. In the mathematical
description of the process, the model parameters were estimated here using the multi-
parameter optimization method in a data range from 0 to 25 d. The calculations were made
using our own procedure, written in the SCILAB environment. Based on the value of the
“r” correlation coefficients, it can be concluded that the model curves present a very good
fit with the experimental data. The good accuracy of the fit in terms of the experiments
conducted also enables the extrapolation of data and, consequently, further analysis of the
fermentation process based on the course of the extrapolated curves. The estimation results
are presented in the figure and the parameters in the equation are presented in Table 7.

The simulation results using a simplified approach (Gompertz model) are presented
in Figure 7 in the form of biogas accumulation curves for experiments E1 and E2.

As previously mentioned, the Gompertz model simulation performed in this study
made it possible to predict biogas production over a longer period, without the need to
perform costly and time-consuming experiments. The results of the prediction are shown
in Figure 7. In this case, it is clearly possible to determine the saturation state—i.e., the
maximum possible production of biogas from a biomass unit. Depending on the method
of process implementation (E1 or E2), these values differ slightly for a given moment in
time. Further simulations for t > 60 d would help determine the duration of methane
fermentation for the maximum production of biogas from the same unit amount of carbon
substrate, which will evidently be influenced by how the process is carried out.

In the case of the pre-treatment of the feed including WS with SM using the high-
temperature method, the best result was obtained at a temperature of 180 ◦C, and the
amount of biogas production increased by 94%. A modified Gompertz model was used
to describe the biogas accumulation curves mathematically. This demonstrated that sup-
plementation of the basic substrate and the use of HT disintegration resulted in a 22.5%
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increase in the maximum production volume, while the biogas production rate grew by
0.8%. The results present a very good fit with the model—r2 = 0.9980 (in the case of
supplementation), r2 = 0.9860 (in the case of supplementation and disintegration) [27].

Table 7. The estimated model parameters and unit simulation of biogas accumulation for 60 days.

Experiment a (dm3/kg VS) b (dm3/kg VS d) c (d) r2

E1 748.2 11.0 0.0 0.9851
E2 596.8 15.7 0.0 0.9900
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of using other substrates of agricultural origin, means that sewage sludge may be treated as
a product rather than waste, thereby implementing the so-called circular economy model.
At the same time, by intensifying energy production from renewable sources, the proposed
technology falls in line with the global trend of so-called “green technology” as well as
the international research area involving resource recovery. The results of the research
carried out and described in this paper prove the sound efficiency of low-temperature
disintegration technology. The proposed methodological solution can achieve a degree
of disintegration—under optimal conditions—of about 50%, which is excellent when
compared with other methods of feed pre-treatment.

The disintegration of distillation residue and waste-activated sludge via the low-
temperature method before starting the methane co-fermentation process increased biogas
production by 30%, methane production by 65%, and biogas production by 36% (over
a 26 d duration). The obtained results confirm that the low-temperature disintegration
method can be effectively used to pre-prepare this type of feed (distillation residue and
waste-activated sludge in a proportion of 1:3). At the same time, it was discovered that
the Gompertz model can be used to mathematically describe the biogas accumulation
curves in the methane co-fermentation processes of the tested feeds. The values of the
correlation coefficients for the performed experiments were, respectively, r2 = 0.9851 (E1)
and r2 = 0.9900 (E2), which indicate a very strong correlation of the variables.
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