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Abstract: The properties, types, and physical and chemical aspects of pig slurry used in the fer-
mentation process were presented. Characterization of the pig slurry microflora for a controlled
biogas production process was performed. A pilot biogas treatment installation was presented
on the example of a farm with 1100 Dan Bred fatteners kept in a grate system. The research was
carried out to measure the biogas flow rate resulting from the reference pressure in the fermentor.
An independent assessment of the amount of biogas and the pressure drop in the skeletal deposit
was carried out. The basis for assessing the hydrodynamics of gas flow through the adhesive bed
is the flow characteristic, which results from the pressure that forces this flow. In each case, the
determination of this characteristic consists in determining the influence of the biogas stream on
the value of this overpressure, equivalent to the pressure drop (it is tantamount to determining the
total biogas flow resistance through the adhesive bed). The results of the measurements indicate
the practical application of pig slurry-a substrate in a polydisperse system for the production of
agricultural biogas in the context of renewable energies. The article indicates that the ferment was
periodically mixed during the day, together with the fermentation of the ferment with fresh substrate.
The tests were conducted for 49 days, thus demonstrating that it is more advantageous to mix the
ferment hydrodynamically, obtaining a CHy level of about 80%.

Keywords: agricultural biogas; polydisperse substrate; gas permeability

1. Introduction

As aresult of the litter-free animal husbandry system on farms, slurry is produced, which
is a valuable source of fertilizer. However, its use in excess or in inappropriate agrotechnical
periods can seriously pollute the environment [1]. The main environmental hazards resulting
from large-scale animal husbandry and related slurry production are as follows [2]:

- Water pollution: soil overfertilization and outflow from fields to groundwaters and
surface waters;

- Eutrophication: overfertilization of inland and sea waters (algal blooms, reduction
of biodiversity and modification of aquatic ecosystems, loss of benthic fauna and the
lack of oxygen);
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- Microbiological contamination: pathogenic microorganisms contained in slurry pose
a serious sanitary threat; Staphylococcus sp., faecal streptococci, Escherichia coli,
rhusiopathia suum, tuberculosis mycobacteria, pathogenic streptococci, foot-and-
mouth disease virus, fungi and larvae, and eggs of parasitic worms (e.g., tapeworms)
are considered the most significant;

- Indirect and secondary impact on the formation of acid rain (emission of nitrogen ox-
ides and sulfur oxides) and increase of the greenhouse effect (emission of greenhouse
gases damaging the ozone layer) [3].

First of all, the latter point refers to the infiltration of nitrogen into soils, which is found
in large quantities in slurry. The excessive amount of nitrogen in the soil flows, in the form
of nitrates, into the groundwater and contaminates it [4,5]. Additionally, a high inflow of
ammonia poses a direct risk of eutrophication of surface waters in areas of intensive animal
exploitation [6-8]. Heavy metals are another threat because, as proved by studies [9], high
concentrations of copper and zinc may occur in soils fertilized with slurry. The storage of
animal manure also leads to gaseous emissions [10,11]. The emitted gases comprise, among
others, sulfur and nitrogen oxides that cause acid rain, photochemical smog and water
eutrophication [12]. Farm animal husbandry also generates greenhouse gas emissions,
e.g., methane produced during the digestion of feed, especially by ruminants, and during
manure storage [13]. Another greenhouse gas with a higher environmental impact due to
its persistence in the atmosphere that damages the ozone layer is nitrous oxide, which is
mainly released during the use of manure. Another disadvantage of slurry is its high water
content, which results in high costs of storage and transport to fields. These factors limit
the intensive livestock production in favor of sustainable agriculture that will certainly not
replace the current and anticipated demand for meat [14].

In order to protect the natural environment, many solutions that aim at proper slurry
management are proposed [15]. One of the key methods of animal manure management
is the methane fermentation of manure in agricultural biogas plants. The neutralization
of slurry as a substrate by methane fermentation additionally results in the obtainment of
energy and fertilizer with better parameters compared to raw slurry [16,17].

A common technology employed to dispose of slurry is the methane fermentation of
slurry in agricultural biogas plants. This technology, however, generates high investment
costs [1]. Additionally, a large volume of this substrate and low content of organic matter
hinders the rise of temperature of this process [18-20]. The cost of heating energy and the
low biogas efficiency of the substrate make it economically unprofitable [1]. The slurry
disposal by methane fermentation is only profitable for large-scale systems [21]. Studies
conducted by Deng et al. [22] show the soundness of slurry separation, which makes it
possible to reduce costs of heating and to obtain greater biogas efficiency through a faster
rate of degradation of this substrate. The studies have also proven that the separation
reduces the volume of digester by two thirds [23]. Due to the high hydration of slurry, its
application as mono-substratum brings little economic yield to this process [24]. Therefore,
this process requires the addition of other substrates that increase the content of dry organic
matter of the fermentation mixture [25].

Pig slurry is commonly used as fertilizer due to its low capital expenditures. Pig
slurry is commonly used as a fertilizer due to low investment costs, taking into account its
management for agricultural purposes in the area of the farm. However, it is preferable
to use pig slurry to produce biogas, namely, to convert it as a digestate product necessary
to fertilize the soil due to the absence of odors. The studies [1-13] show that its improper
application pollutes soil and water. It also leads to emissions of odorous and greenhouse
gases [26,27]. In view of the existing risks, it is recommended to manage pig slurry by
methane fermentation. Numerous properties of pig slurry facilitate methane fermentation,
e.g., the content of basic macro- and microelements that promote the development of
bacterial microflora or the presence of anaerobic microorganisms.
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1.1. Properties of Pig Slurry Used in the Fermentation Process

Slurry is a natural liquid manure, a mixture of fecesfeces, urine and water that may
be successfully used in the methane fermentation process in a vast number of agricultural
biogas plants. Urine is 96% water and contains inorganic and organic nitrogen compounds,
vitamins, hormones and enzymes. Feces comprises feed residues (digested and undigested),
body secretions, and bacteria and their metabolic products [2,28]. This is mainly supported
by the presence of macro- and microelements. These components enable the development
and functioning of anaerobic microorganisms responsible for the process. The content of
methane in biogas is indicated by the presence of proteins, fats and carbohydrates. It is also
important to maintain the carbon/nitrogen ratio that allows for the proper decomposition
of organic material. The excessive amount of nitrogen emits ammonia that is an inhibitor
of the process [29-31].

1.1.1. Types of Slurry

The reference books [2] include various definitions of slurry and numerous frequently
divergent data on its quantity and composition. Generally, slurry is assumed to be a liquid
product produced during the litter-free animal husbandry; it is a mixture of animal feces,
both solid and liquid in natural proportions, that additionally contains process water used
to rinse slurry and coming from leakages of animal watering equipment [28,32]. Depending
on animal species, there is cattle, pig and poultry slurry, and this latter type is discharged
from dry farms as so-called litter. Due to the amount of water in manure, slurry is divided
into dense (over 8% of dry matter) and thin (less than 8% of dry matter). There is also
diluted slurry, in which process water exceeds 20% of the volume of manure and the
dry matter content is less than 8%. Slurry is also divided with respect to the content of
admixtures (e.g., slurry, sewage from farms or from outside facilities). In this case, it is
divided into complete slurry (without any admixtures) and incomplete slurry (mixed with
at least one of the aforesaid admixtures) is distinguished [3].

1.1.2. Physical and Chemical Aspects of Slurry

The amount and composition of slurry is significantly influenced by species, age,
efficiency, animal feeding method, slurry drainage and storage method, water consumption
on farms and weather conditions. In view of its further use, the most significant properties
of slurry are the content of nitrogen and phosphorus. Moreover, its parameters are also
determined by the content of organic and inorganic substances, particle size and pH.
All these factors are essential for choosing an appropriate method of slurry preparation
or treatment depending on its further use. The most important criterion that determines
properties of slurry is the animal species due to the structure and functioning of its digestive
system. Pigs are monogastric animals [1,33].

1.2. Slurry Microflora

The survival of the tested microorganisms in slurry depends on a vast number of
factors, frequently strongly interrelated. The most important are as follows [34]: temper-
ature, animal species from which slurry originates (slurry type), dry matter and organic
dry matter content, reaction, presence of antagonistic natural microflora, initial quantity
of tested microorganisms, properties of given serotype and strain, abundance of slurry in
nutrients, dissolved gaseous substances and REDOX potential.

The slurry microflora includes viruses, bacteria, fungi and parasites. Viruses—
components of particular epidemiological and epizootic significance—get into slurry
mainly with animal feces [35,36]. Slurry also contains viruses of Aujeszky’s disease that
survive (3 + 15) weeks, viruses of Born’s disease-about 22 days, viruses of Marek’s disease-
about 7 days, viruses of Teschen disease (3 + 25) days, viruses of African swine fever
(6 = 160) days and viruses of foot-and-mouth disease (21 = 103) days [36]. Bacteria are
the dominant component in the set of organisms living in slurry. Both saprophytic and
pathogenic bacteria are present [37]. The total number of aerobic and relatively anaerobic
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bacteria is (10° <+ 10'°) colony-forming units (CFU) in 1 cm? of slurry [35]. Slurry from a
healthy flock is dominated by a natural intestinal microflora, characterized by moderate
or insignificant virulence [38]. However, the dominant role is played by microorganisms
brought into slurry with feces. Bacteria most often isolated from slurry are Enterobacte-
riaceae and enterocococci [35]. The dominant role is played by Escherichia coli, which is
(10° + 10°) CFU x cm ™2 and rods of Salmonella in the number of 10> CFU x ecm ™3 [35,37].
Any microorganism may be present in slurry that has been excreted from the animal’s
body together with manure. Therefore, Listeria monocytogenes, Yersinia enterocolitica
and Campylobacter are sporadically found in this substrate. The survival time of these
microorganisms in slurry is similar to their survival time in slurry water and slightly
depends on temperature. Yersinia enterocolitica bacteria survive in the suspension for
about 10 days, and Campylobacter bacteria for 3 days [39].

Among the fungi colonising slurry, yeast-like fungi predominate, while mould fungi
are less numerous and mainly represented by the following types of fungi [40]: Mucor,
Penicillium, Aspergillus and Botryotrichum. Pathogenic fungi are relatively rarely found
in slurry [36]. The presence of parasites and their eggs and oocysts in slurry also plays a
negative role [35]. These organisms cause invasive diseases [37]. The pig slurry contains
protozoa of the genera Eimeria and Balantidium and worms of the genus Ascaris and their
eggs, as well as worms of Oesophagostomum spp. Eggs of roundworms in slurry stored
at 8 °C retain their invasiveness for (75 = 85) days, while at (18 =+ 26) °C they survive for
about 28 days. On the other hand, mature members of the armed tapeworm survive in
pig manure at 8 °C for 76 days [36,41,42]. A significant role is also played by protozoa of
the genera Giardia and Cryptosporidium, showing partial resistance to the fermentation
(hygienization) process of slurry [37].

The list of bacteria, the appearance of which in slurry may pose a serious risk to
humans and animals under European conditions, includes as follows [40]: Brucella spp.,
Chlamydia spp., E. coli (antibiotic-resistant enteropathogenic strains), Leptospira spp., Rick-
ettsia spp., Salmonella spp., Treponema hyodysenteriae, Bacillus anthracis, Erysipelothrix rhusio
pathiae and Mycobacterium spp. (among others M. tuberculosis, M. bovis and M. aviumcom-
plex). Their presence and number depend on environmental factors, the animal species
from which slurry comes and its physical and chemical properties and composition [36].

The intensive livestock production is a source of slurry, liquid manure or manure
that is difficult to dispose of and pollutes the environment [43]. The technology of waste
utilization by methane fermentation is an excellent way to neutralize the waste with
simultaneous energy generation [44]. Livestock farming is responsible for nearly one fifth
of global greenhouse gas emissions. Methane emissions from cow breeding are more than
18 times higher than from fattening pigs [45]. According to Podkowka [46], the manure
monofermentation is still not very effective since this raw material contains only about
8% of dry matter and 75% of dry organic matter in dry matter. The carbon/nitrogen (C:N)
ratio in cattle slurry is too low and equals 6.8:1 [46].

This problem was taken up by the Institute of Technology and Life Sciences, National
Research Institute in Poland, specifically the Renewable Energy Department in Poznari, a
monosubstrate reactor for methane slurry fermentation was developed for this purpose [47].
The design and construction of the monosubstrate model of a flow biogas reactor was
carried out on the basis of the invention [48]. A biogas plant [49] was implemented on the
farm in Ocieszyn as part of the project BIOGAS&EE financed by the National Centre for
Research and Development implemented in the BIOSTRATEG 1 programme.

The aim of the research presented in the article is to evaluate agricultural biogas
produced in the process of mesophilic methane fermentation from a polydisperse substrate,
using an adhesive bed placed in the fermentor. An attempt was made to determine the
hydrodynamic conditions for:

- Immobilization, which allows to increase the active surface for the flora of ferment-
ing bacteria;
- Polydisperse substrate mixing system.



Energies 2021, 14, 3538

5o0f 24

thus influencing the achievement of high CH, content in biogas and stable production
of the amount of biogas.
The following criteria were adopted for the evaluation of agricultural biogas:
- Biogas composition;
- Course of changes in the average daily gas stream;
- Gas permeability characteristics resulting from the pressure forcing this flow;
- The dependence of the Reynolds number on the gas permeability coefficient.

2. Materials and Methods
2.1. Pig Slurry

The research material was a substrate in the form of pig slurry from a farm with
1100 Dan Bred fatteners [50] kept in a grate system Figure 1.

Figure 1. Examples of Dan Bred fatteners kept in a grate system on the farm (photo by Grzegorz Watowski).

The way of feeding pigs based on the balance of ingredients Table 1 and nutrition
program Table 2 basically determines the production of the substrate (pig manure) Table 3.
The applied nutrition in the form of Superconcentrate 600 plus is a feed mixture composed
of post-extraction meal: soybean meal, rapeseed meal, calcium carbonate, phosphate, herbal
mixture, supplementary for fattening pigs over 30 kg with the addition of phytobiotic and
acidifier-content of analytical ingredients in 1 kg [51].

Table 1. Nutrition components of Dan Bred fattening pigs in the form of Superconcentrate 600 plus [51].

Component Unit Value
Metabolic energy MJ 11.50
Crude protein Y% 39.34
lysine % 4.60
Methionine % 1.08
Threonine Y% 2.38
Tryptophan % 0.55
Crude fiber Y% 3.95
Crude ash Y% 81.41
Calcium (Ca) % 445
Phosphorus (P) Y% 0.98
Sodium (Na) Y% 0.90
Raw oils and fats Y% 1.50
Vitamin E mg 700.00
Enzymes +/-) +

Phytobiotic +/-) +
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Table 2. Feeding program for Dan Bred fattening pigs depending on weight [51].

Optiferm F1 25-50 kg Optiferm F2 50-90 kg Optiferm F3 90-115 kg
Barley 35.5 30 25 30 25 35 35 35
Wheat 15 15 10 10 10 10 0 5
Triticale 25 27.5 35 30 30 25 30.5 35.5
Rye 0 0 0 0 10 5 10 5
Wheat bran 6 0 6 8 0 10 12 7
Maize 0 10 5.5 6.5 10 0 0 0
Soybean oil 1 0 1 0.5 0 0 0 0
600+ 17.5 17.5 17.5 15 15 15 12.5 12.5

Table 3. Summary of substrate production (pig slurry) necessary for the fermentation process [own study].

Porker Substrate Volume Cycle
quantity time
3500 pieces 1400 m3 1 year
1 piece 0.4m3 90 days
1 piece 04L 1 day

2.2. Model of a Monosubstrate, Flow Biogas Reactor-Research Position

The design and construction of a monosubstrate, flow biogas reactor model was
carried out on the basis of the invention [52].

The subject of the invention [53] is shown in the embodiment in Figure 2, which is a
schematic illustration of a fermentor.

The fermenter, whose cylindrical part is situated vertically, contains packing in the
form of vertical tubes 1, with rough surfaces, made of plastic. In the top part of the
fermenter there is a common stub pipe 2, via which the fresh substrate is fed, the pig
slurry/liquid manure and the fermenting mass. The biogas outlet stub pipe 3 is next to
it; it is connected with a pipeline via a blower 4, a gas dehydrating valve 5, a biogas inlet
stub pipe 6 and a bubbler (barbotage device) 7, situated at the bottom of the fermenter.
The bubbler (barbotage device) is situated horizontally near the bottom of the fermenter.
The vertical tubes 1, which increase the active surface for the fermentation bacteria flora,
are situated inside the heating coil 8 (Figure 3). The heating coil is connected with a water
pump 9 and a heat exchanger 10, which form a closed-loop water circuit/cycle.

In the lower part of the fermenter Figure 4 there is a fermentation mass outlet stub
pipe 11, which, via the fermentation mass pump 12, is connected with a common stub pipe
2 feeding the fresh substrate, the liquid manure and the fermenting mass to the fermenter.

The external surfaces of the fermenter walls/shell are covered by a layer of thermal
insulation 13. The fermenter has a safety valve 14; a main outlet stub pipe 15 for post-
fermentation residue connected with a pump 16 of the post-fermentation residue; and a
biogas outlet stub pipe 17, via which the gas is routed for further use.

The fermenter is filled in via stub pipe 2 with slurry/liquid manure in an automatic
cycle, ensuring vertical migration of the bio-fermenting fraction through the entire tank.
Periodically, the post-fermentation residue combined with the slurry also goes through this
stub pipe. A portion of the biogas, present in the gas space of the fermenter, is transferred
to the bubbler (barbotage device) and then, in the form of bubbles, goes upwards, agitating
the mixture. The fermenter operates at the temperature of (35 + 40) °C. The heating agent
is warm water flowing through the heating coil. The post-fermentation residue is drained
(2 + 3) times a day through the main outlet stub pipe for the post-fermentation residue.
While being emptied, the fermenter is not filled in. Then, the fermenter is filled up with pig
slurry/liquid manure in a volume equal to the volume of the drained post-fermentation
residue. The level of filling of the fermenter is controlled in an automatic cycle. During
filling up, the pressure equalizes after intrinsic flow of biogas through the outlet stub pipe
17 to the further part of the plant.
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Figure 2. The schematic diagram of the fermenter [53]: 1—pipe, 2—stub pipe, 3—biogas outlet stub
pipe, 4—blower, 5—biogas dehydrating valve, 6—biogas outlet stub pipe, 7—bubbler (barbotage
device), 8—heating coil, 9—water pump, 10—heat exchanger, 11—fermenting mass outlet stub pipe,
12—fermenting mass pump, 13—thermal insulation, 14—safety valve, 15—main outlet stub pipe
for the post-fermentation residue, 16—post-fermentation residue pump and 17—biogas outlet stub
pipe; the meaning of the descriptions in the diagram: substrat—substrate, biogaz—biogas, masa
fermentujaca—fermenting mass, woda zimna—cold water, poferment—digestate.

Figure 3. Skeletal bed situated in the fermenter, secured with a grid; between the bed and the wall of
the fermentor there is a coil-view (photo by Grzegorz Walowski).
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(b)

Figure 4. System for mixing the substrate in the reactor from the bottom-view: (a) components for suction; (b) fragment of

the suction nozzle (photo by Grzegorz Watowski).

2.3. Agricultural Biogas Production Installation Using a Polydisperse Substrate
(Pig Manure)-Research Position

In the Institute of Technology and Life Sciences, Division in Poznan, a pilot plant
was developed (schematic diagram, Figure 5). The method of the substrate pre-treatment,
the production and the purifying treatment of the raw biogas and the con-generation
is characterized by the fact that the operational tank 1a is filled in with liquid substrate
from the central biomass tank Oa; the whole is agitated, and it feeds to the top of the
fermenter 2 via a stub pipe. The fermenter filling is carried out in an automatic way
through the process monitoring and control system. The filling process is carried out after
prior draining of the post-fermentation biomass and is affected in stages two or three
times a day, totally for a fermenter of 15 m? in capacity, i.e., 1.5 m3 day~!. A hydrostatic
probe is used to control the substrate level in the fermenter. Once every 24 h, a portion
of the post-fermentation residue is routed to the post-fermentation residue tank 6 and is
replaced with the same volume of fresh biomass. The fermenter is filled with biomass
from the top, which provides directional movement/migration of the fermentation fraction
through the entire system. The biomass vertical circulation and the circulation system of
fresh just-generated gas are used to agitate the fermenter content. The fermenter content
agitation, in order to average its composition, is affected by barbotage, using a bubbler 2a.
This is affected in such a way that a portion of biogas is taken from the gas space of the
fermenter via blower and routed through a check valve to the bottom part of the fermenter
through the system of bubblers (barbotage unit). The gas flows out of the bubblers in
the form of bubbles and, while migrating upwards, agitates the suspension. A portion
of the fermenting mass is transported by means of an external system from the bottom
part of the fermenter to the pipeline, feeding the fresh/raw substrate to the fermenter.
Packing for the fermentation bacteria flora is housed inside the fermenter. The fermenter
is heated by means of a pipe in the form of a heating coil 2b, with warm water, which
is taken from heat exchanger 5a situated at the co-generator 3c. The biogas obtained
in the fermenter is routed to the biogas purifying treatment system, made up of two
desulfurization units 3b, with the equipment for the bed regeneration. The biogas flows
alternately to one of the desulfurization units, in which it is purified /treated to remove
sulfur compounds. At this time, the bed of the other desulfurization unit is regenerated.
In order to remove the excessive humidity from biogas, a biogas dehydrating unit 3a is
installed upstream the desulfurization unit. The biogas overpressure in the fermenter
results in overcoming the resistance, estimated to be (2 + 3) kPa, of the flow through
the dehydrating unit and desulfurization unit. The desulfurized biogas is stored in a
vessel/tank 3d under overpressure; the vessel is equipped with a ligud safety device
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protecting the gas vessel from exceeding the permissible overpressure. The control and
measurement system monitors the non-treated gas and the chemical composition of treated
gas; the system mainly communicates the concentration of hydrogen sulphide in the gas.
The treated gas is routed through the blower to the co-generator 3c for conversion into
electric energy (power) and heating energy. There is a heat exchanger 5a, at the co-generator
made up of a fuel (combustion) engine and a power generator, heated with the exhaust
gases. The water heated in the heat exchanger is routed, among other things, to the heating
coil 2b, situated at the internal wall of the fermenter. The spiral fermentor heating system
is designed to maintain the required temperature for fermentation. The heating medium,
which is water at the temperature of 65 °C, flows between heat exchanger 5a, situated at the
co-generator, and heating coil 2b, until the pre-set temperature of the biomass is attained
within the range (35 + 40) °C. The excessive heat also flows through cooler 7. In the event of
a failure or switching off the co-generator, the pressure sensor will signal pressure increase
and send a control signal to an automatic element controlling the three-way valve and then
the gas feeds the gas flare 4a. If there is no flame in the flare or if it decays, the biogas feed
to the flare will be cut off automatically.

A & Legend:

' : “ 0Oa - biomass tank

> 3d [ 0b - disintegrator
: 1a - operating tank

...... i SR 3c - 2a- bubbler
2 M 2b - heating spiral
fermenter with

1
K 1
1 1 2c - upper part of the
Yy » A [ ' S SRt
. biogas produced
1

2c

¥

---...:.--
Pl ey
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.0

3b - desulfurization unit
3c - cogenerator

3d - internal biogas tank
3e - external biogas tank
4a - gas flare

5a - heat exchanger

h
1 LI !
Ja v 3a- dehydrator
H
1
1
1
1
1
1
}
1
1
1
1
L}
1
1
1

J : 1 6a - digestate solid tank
A| -—d i 6b - digestate mobile tank
0 |: 7 - cooler
1
HR| e
! 1 "
]
:: 5a : :: «——| water supply
1
- " : i «— liquid
Y L .- | IO
- " " -t ---- gas
1 1
Lommens -l - =="="" power supply for

bubblers

Figure 5. Biogas production prototype installation-block diagram of the test stand (source: own elaboration).

2.4. Scope and Research Methodology

Experimental studies on the implemented installation concerned the assessment of
the quantity and quality of biogas production.
The research was carried out in the field of:

- Rheology; pig slurry rheological tests were performed using the U-VIsc kinematic
viscometer and Ubbelohde-modified viscometer, manufactured by Omnitek B.V.,,
authorized distributor of EKMA, Poland;

- The influence of flow resistance in relation to the Reynolds number was described;

- The permeability of the adhesive bed was determined experimentally;

- An attempt was made to compare the dependence of the Reynolds number on the gas
permeability coefficient.

The amount of biogas and the pressure drop in the skeletal deposit were estimated
independently. The basis for assessing the hydrodynamics of gas flow through the adhesive
bed was the flow characteristic resulting from the pressure that forces this flow. In each case, the
determination of this characteristic consisted in determining the influence of the biogas stream
on the value of the overpressure corresponding to the pressure drop, which was tantamount to
determining the total resistance of the biogas flow through the adhesive bed.
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In the conducted experimental studies, the following algorithm was followed:

- Pig slurry was classified as a polydisperse substrate;

- Several leak tests were carried out for the biogas plant;

- The installation was started up on a liquid inoculum (carried out for 10 days) until
stable conditions for biogas production were obtained, while analyzing the process
conditions necessary for mesophilic fermentation;

- Biogas was produced using an adhesive bed in the immobilization system;

- Cyclic hydrodynamic mixing of the polydisperse substance was used;

- The mixing of the polydisperse substrate in the entire circuit of the installation was op-
timized,;

- Biogas production was optimized by analyzing the biogas composition;

- Criteria for the evaluation of biogas production were developed depending on gas
flow in time, gas pressure in time, and temperature in time;

- The correlation of Reynolds number from the equivalent flow resistance coefficient,
flow resistance from the gas permeability coefficient and Reynolds number on the gas
permeability coefficient was indicated.

3. Results and Discussion
3.1. Rheological Research

The foaming properties of the substrate were observed at 25 °C and 500 rpm for a
kinematic viscosity of 27.5 mPa. It should be pointed out that the properties of pig slurry
classify it as a polydisperse system in which the solid phase is in a suspended state [54-57]
and delaminates during long-term storage. The upper layer is made of sheepskin, the lower
is the supernatant liquid, and the bottom is concentrated sediment [58,59]. In contrast,
foam is formed from pig slurry as a result of the dispersion [60] of gas bubbles in the
liquid phase due to the simultaneous interaction of the protein with the liquid and gas
molecules [61,62]. On the basis of the conducted research [63—-66], it was found that the
gas bubbles under anaerobic conditions are hydrogen sulphide and methane, which can
reach even a concentration of 70%. In addition, the results showed that the foaming
manure contains significantly more carbon. On this basis, it was hypothesized that coal
is responsible for the increase in the activity of methanogens. This led to a change in the
composition of the bacterial flora, which led to the increased production of methane. On
the other hand, the foam is rich in proteins and solid particles that stabilize the foam. The
microbes in the fertilizer convert carbon to methane more efficiently. This increases the
concentration of methane by moving biological polymers and proteins from pig slurry to
the surface. The microbes thus become foam stabilizers, determining its ability to hold a
dispersed gas phase for the production of especially methane.

3.2. Installation Tightness Tests
Several leak tests have been carried out for:

- Biogas installation, type of pneumatic test, pressure 0.5 bar, test duration 1 h;

- Heat recovery installation, type of hydraulic test, pressure 5 bar, test duration 1 h;

- Mixing installation in the fermenter Figure 6, type of hydraulic test, pressure 3 bar,
test duration 1 h;

- Digestate installation, type of hydraulic test, pressure 3 bar, test duration 1 h.



Energies 2021, 14, 3538

11 of 24

(c)

Figure 6. Example of fermenter tightness test-view: (a) adhesive skeleton bed; (b) mixing system in the reactor-pressing the

inert medium; (c) fermenter flooded with the maximum inert factor (photo by Grzegorz Watowski).

3.3. Technological Start-Up

The commissioning of the installation lasted 10 days using manual control, which con-
cerned:

- Heating the fermentation chamber circulation liquid;

- Pumping the substrate into the pre-tank;

- Gas pressure regulation;

- Dosing of additives stabilizing the biogas mass flow rate;
- Thelevel of the primary tank is full.

Automatic control was introduced gradually on the section:

- Circulation of fermentation liquid in the fermentation chamber;

- Dosing the feeding substrate into the fermentation chamber;

- Assessment of the level of fermentation chamber filling, biogas composition and
analytical parameters of technological liquids.

The start-up was carried out for 10 days on a digestate liquid inoculum from a biogas
plant from the Wielkopolskie voivodeship with analytical parameters of the process: tempera-
ture 27.2 °C, pH 8, dry mass 4.37%, dry organic mass 62.25% dry mass, OWN 17.641 mg-dm’S,
LKT 3.117 mg CH3COOH-dm 3 and APB 0.177 for a starting volume of 10 m®.

The liquid substrate was slurry of fattening pigs with analytical parameters of the
process [67]: temperature (26.5 + 30.5) °C, pH (7.8 + 8.0), dry mass 3.92%, dry organic mass
66.70%, OWN 19.678 mg-dm~3, LKT 8.958 mg CH3;COOH-dm 3 and APB 0.450 for the
feeding volume (250 + 500) dm3 From start-up to continuous operation, the pH was stable.

As a result, the gas pressure in the installation was obtained (1.5 = 2.5) kPa and the
composition of biogas according to the measuring modules installed by the manufacturer:
CHy 57.3%, COy 28.5%, O, 0.3% and H;S 0.000232%; the rest were others, including H,O,
that were irrelevant for practical energy use.

3.4. Agricultural Biogas Production System

The raw biogas production node is a transport system for the biogas produced in
the fermentation tank along with its equipment; it enables the fermentation process to
be carried out, its control and its regulation (Figure 7). Biogas control and measurement
system-description of the system operation: the system is equipped (at the input) with a
gas meter and a stationary untreated gas analyzer QIR1 and an analyzer controlling the
chemical composition of the treated gas QIR2. The analyzer includes CHy, CO,, HyS and
O, measurement modules, and its indications can be controlled on the display or used to
activate the “visual-audible” indicator or to control the operation of the adsorber unit. The
biogas temperature is measured by the TT6 sensor. The increase in pressure of raw biogas
is released at 35 mbar and directed to the desulfurizers.
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The fermentation tank (Figure 8) is designed for an upright arrangement. The bottom
of the tank is frusto-conical with a centrally located drain. The tightness of the fermentation
tank is ensured by the lid closing the fermenter with a sealing element.

Circulation system-description of the system operation: the fermentation tank is filled
with biomass from the top to ensure directional migration of the fraction through the entire
system. The biomass vertical circulation system and the freshly extracted biogas circulation
system are used for mixing the fermentation tank content. The biomass mixing system
ensures the homogenization of the composition and temperature of the ferment as well as
delivery of certain ingredients supporting the fermentation process.

Alternatively, you can use bubbling. This is done in such a way that part of the biogas
is taken from the gas chamber of the fermentor by means of a blower and introduced
through a check valve to the bottom of the bioreactor through the bubble system. The gas
flows as bubbles from the bubblers and stirs the slurry upward.

Immobilization system-description of the system operation. Inside the fermentor there
is a filling, i.e., a skeleton made of vertical PVC pipes constituting the so-called “Basket”
(Figure 9), the purpose of which is to increase the active surface for the flora of fermenting
bacteria. The charge is located at a height of 1.22 m from the bottom of the tank. The
so-called “basket” is based on supports that simultaneously center it in relation to the axis
of the system.
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Figure 8. Monosubstrate flow reactor for methane fermentation of slurry with a biogas production
installation-view (photo by Grzegorz Watowski).

Figure 9. Filling the fermentor, skeleton bed made of vertical type pipes A PVC-U S4 UD placed in the basket-view:
(a) no roughness on the surface of pipes; (b) roughness on the surface of pipes after sandblasting is 80 um (photo by

Grzegorz Watowski).

Heating installation—description of the operation of the installation: the inner wall
of the fermenter is equipped with a heating coil in the form of a plastic DN32 tube. The
heating medium is hot water taken from the main heat exchanger located near the CHP
unit. To ensure optimal biogas conditions, the walls, conical bottom and lid of the fermentor
are insulated to limit heat emission to the outside. The optimum operating conditions for
the fermentor are temperature (35 + 40) °C, gas overpressure (10 + 20) kPa.

The skeleton bed consisted of 72 pipes (Figure 9a), constituting the adhesive bed
Figure 9b with parameters: height h, = 2030 mm; diameter d, = 1620 mm; bed volume
V, = 0.4564 m?; the bed porosity e = 10.91%, ¢ ~ 0.11; cross-sectional area A, = 0.2266 m>.
The elementary skeleton bed unit was a pipe (1 item is an apparent elementary bed unit):
height h; = 2030 mm; diameter d, = 160 mm; the volume of the pipe (ring) V; = 0.00634 mS.

3.5. Proper Research

In order to understand the conditions of the hydrodynamic mixing of the substrate in
the adhesive bed, experimental studies were carried out to assess the biogas flow through
the adhesive bed in the context of biogas production.
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When assessing flow resistance, the analogy to flow through closed channels is most
often used, in accordance with the Darcy and Weisbach equations [68]. However, the drag
coefficient (1) is described as a function of the Reynolds number (2):

2
és = @Apzm) (1)

where p—density, kg/m?; w—velocity, m/s; AP—pressure drop, Pa, index: g—gas, e—
equivalent and zm—measured

d
Re, = M; )

Mg
where w—velocity, m/s; d—diameter, m; p—density, kg/m3; y—viscosity, Pas; index:
g—gas and e—equivalent.
I calculate the equivalent diameter (3) as follows:

de = —; 3)

where: V—volume, m?; A—surface, m?; indeks: g—gas, z—bed (deposit) and e-equivalent.
Whereas apparent velocity (4) defines:

We
Az

4)

During the experimental tests, biogas was produced under characteristic conditions-
Table 4.

Table 4. Initial results of the biogas production process [own study].

Measurement No.

Composition of Biogas

Fermentation Time Equivalent Velocity Pressure Measured
Counted Daily CH, €O, 02 H,$
t, d we, m-s~1 AP, Pa Sp1, % Sz, ppm
1 0.00016 118 74 15 0.6 18
2 0.00017 91 77 14 0.1 106
3 0.00065 1681 70 15 1.8 25
4 0.00023 1127 71 16 0.5 31
5 0.00019 123 57 16 35 0
6 0.00036 3017 67 23 0.2 0
7 0.00064 104 63 23 0.9 0
8 0.00034 1240 68 24 0.1 0
9 0.00023 117 67 24 0.1 0
10 0.00040 155 66 25 0.1 0
11 0.00030 621 66 26 0 0
12 0.00034 601 65 27 0 0
13 0.00033 124 67 27 0 37
14 0.00034 133 65 26 0.3 0
15 0.00025 949 69 24 0.1 0
16 0.00012 1518 69 24 0 0
17 0.00001 1149 69 24 0 0
18 0.00025 100 63 24 0.9 0
19 0.00029 136 57 25 1.9 0
20 0.00038 340 60 29 0.5 0
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Table 4. Conts.

Measurement No.

Composition of Biogas

Fermentation Time Equivalent Velocity Pressure Measured

Counted Daily CH, O, 0: H,S
t, d we, m-s—1 AP,m, Pa Sp1, % Sp2, Ppm
21 0.00020 592 65 29 0 125
22 0.00007 128 65 28 0.1 187
23 0.00026 103 52 29 1.6 0
24 0.00017 515 58 28 0.3 0
25 0.00013 420 59 28 0.3 0
26 0.00047 1526 56 36 0.3 106
27 0.00060 847 53 37 0.7 68
28 0.00063 92 54 35 0.9 25
29 0.00066 463 59 34 0 200
30 0.00028 106 38 11 6.8 0
31 0.00005 104 38 11 6.8 0
32 0.00042 2 51 21 2.1 0
33 0.00037 93 34 25 52 0
34 0.00031 103 44 38 1.4 0
35 0.00032 128 51 36 0.2 0
36 0.00024 91 67 25 0 568
37 0.00018 94 67 26 0 1068
38 0.00013 94 66 25 04 600
39 0.00017 100 67 24 0.2 550
40 0.00016 106 68 23 0.1 556
41 0.00016 103 67 23 0.2 500
42 0.00017 107 68 23 0.2 418
43 0.00016 116 67 22 0.4 243
44 0.00016 110 65 22 0.7 162
45 0.00015 104 64 23 0.9 106
46 0.00014 101 64 23 0.8 131
47 0.00017 98 64 24 0.6 125
48 0.00017 97 64 24 0.5 106
49 0.00021 101 64 24 0.5 106

The basis for the assessment of biogas production is the course of changes for the
average daily gas stream. When interpreting Figure 10a, it should be indicated that after
the 10th day, the biogas production stabilized, which lasted 4 days. Then, on the 17th, 22nd,
25th, 31st and 32nd days, there was a minimal biogas production (inhibition phenomenon)
caused by failures of the mechanical agitator, whose role was to stabilize the polydisperse
substrate (pig slurry). The breakdown of the agitator in the operating tank led to the use of
an innovative solution for hydrodynamic feeding of the polydisperse substrate. This led to
stable biogas production starting from the 39th day. The determination of the influence of
the biogas stream resulted in the determination of the total resistance to the biogas flow
through the adhesive bed (Figure 10b). When interpreting Figure 10c, it should be indicated
that after 22 days there was a decrease in the heating temperature of the fermentor. An
innovative heating solution was used: the system of three heaters started to operate from
24 days, and the temperature stabilized at 35 °C from 27 days.

The polydisperse substrate from which agricultural biogas is produced depends on
the feed of the porker (Tables 3 and 4). This translates into the quality of agricultural biogas
(Figure 11a), in which CHy4 even reaches 80% with very low release of H,S (Figure 11b).
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Figure 10. Changes in the parameters of the mesophilic fermentation technology from a polydisperse
substrate for the average daily production of agricultural biogas [own study]: (a) time dependence of
the gas stream; (b) time dependence of pressure; (c) time dependence of temperature.

Within 24 h, under the conditions of a minimum exchange of 1.5 m? of polydisperse
substrate per 15 m> of fermentor volume, in order to maintain the biogas production process,
acidity increases, i.e., HyS begins to be released. It was observed that for optimal biogas
production, mixing in the range of (1.5 = 2.0) m? of polydisperse substrate should be used,
i.e., after 37 days, the technological parameters stabilized (Figure 10) on natural pig manure.

Interpreting Figure 12, it should be noted that there is a non-linear tendency character-
istic of the dominance of turbulent flow, related to the derogation from Darcy’s law [62].
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Figure 11. Composition of agricultural biogas produced from a polydisperse substrate (pig slurry)
(own study): (a) volume of CHy, CO,, O,; (b) share of Hj;S.
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Figure 12. Influence of the Reynolds number on the biogas drag coefficient downwards for the
adhesive deposit (own elaboration).

In the context of the number of criteria for hydrodynamic conditions, the issue of
biogas flow through the adhesive bed was discussed. Experimental studies of the hydro-
dynamics of mixing substrates in a single-substrate fermentor were carried, out and the
hydrodynamic phenomenon resulting from the pressure drop of gas flow was assessed. The
paper presents preliminary results of experimental studies, which show a clear influence of
flow resistance in relation to the Reynolds number. It was found that the biogas flow on
the adhesive bed was influenced by the degree of porosity of the bed and the Reynolds
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number, which, with its increase, reduces the biogas flow resistance coefficient. Taking into
account the indicated parameters, a model and methodology can be developed in this way.

The basis of detailed analysis of fluid flow in porous media is still Darcy’s law [68].
In its original form, this law describes the permeability conditions of various types of
granular beds by referring to the filtration mechanism during the laminar flow of water
through a layer of sand, which is the standard granular medium. Taking into account
the variability of the properties of the liquid, the velocity through the porous bed will
be proportional to the change in density (p) and inversely proportional to the change in
viscosity (17) [68]. Then, the Darcy equation describing the permeability (Q) of the porous
bed takes the following Equation (5):

pg Ah.
Q= KAOVT, ®)
where K—coefficient of vertical permeability, mZ; A,—layer bed cross-section, mZ; o—
density, kg/ m3; g—earth acceleration, m/ s2; Ah-denotes pressure drop, Pa; y—viscosity,
Pas; and L—height of porous medium, m.

This Equation (5) remains one of the features of the modern description of this phe-
nomenon, although it only refers to laminar flow. The coefficient (K) in Equation (5)
describes the so-called the permeability of a porous medium, and its value, as shown by
the Darcy model, is characteristic for a given porous medium. Since this coefficient (by
definition) has a surface dimension, its value from a hydrodynamic point of view—as a
characteristic dimension—is very often regarded as a certain geometrical feature charac-
terizing the overall permeability of the porous material. On the other hand, the value of
this permeability depends not only on the filtration properties of the porous medium (its
structure, particle size, density, porosity, etc.) but also on the physical properties of the
fluid, especially its viscosity [69]. As a rule, this factor does not depend on the shape and
size of the bed itself. Of course, the Darcy model is also applicable to the description of
pressure flows. Then, for Equation (5) we get (6)

Q= Khvpp K=t 35 ©

The last Equation (6) shows that for a given volumetric flow rate (Q), the permeability
of a porous bed can be determined experimentally if the properties of the fluid () and the
geometric parameters of the flow system (A,) are known. The pressure drop (AP) across
the bed is therefore an experimental value. If the hydrodynamic parameters are known
(flow rate; pressure drop; porosity of the material; and, of course, the type of gas), the value
of the permeability coefficient can be determined experimentally. Then the relation (6) can
be written as (7):

Q%

Ky = \/Er (7)
Pg
where Ky-coefficient of permeability (own model—Grzegorz Walowski), m?; Q—volumetric
flow rate, m3/s; AP—pressure drop, and Pa; p—density, kg/m3.

The assessment of the gas flow hydrodynamics through the adhesive bed is based on
the gas permeability characteristic Figure 13, which results from the pressure that forces
this flow. In each case, the determination of this characteristic consists in determining the
influence of the biogas stream on the value of this overpressure, equivalent to the pressure
drop (it is equivalent to the determination of the total biogas flow resistance through the
adhesive bed). When interpreting Figure 13, it should be noted that there is a non-linear
tendency characteristic for the domination of turbulent flow, related to a deviation from
Darcy’s law [68].
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Figure 13. Effect of flow resistance (AP,;;) on the gas permeability coefficient (Ky) of the adhesive
bed-distribution of experimental poinds (own study).

When assessing the hydrodynamics of gas flow through the adhesive bed, an attempt
was made to compare the dependence of the Reynolds number on the gas permeability
coefficient (Figure 14). Determining this characteristic consists of determining the influ-
ence of the biogas flow on the adhesive bed. Interpreting Figure 14, it should be noted
that gas permeability increases with the increase of the Reynolds number, and there is a
phenomenological approach to hydrodynamics, related to the characteristic conditions of
gas flow through porous deposits [70].
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Figure 14. Influence of Reynolds number (Re;) on the gas permeability coefficient (Ky) of the adhesive
bed-distribution of experimental points (own study).

The amount and chemical composition of the separated biogas depends on the chem-
ical composition of the fermented compounds, the technology used and the process pa-
rameters [71]. Methane fermentation, like all biological processes, is very sensitive to any
changes in the environment. The speed and direction of the metabolic processes taking
place in microorganisms depend on many parameters: temperature, partial pressure of
hydrogen, pH, redox potential, hydraulic retention time, mixing, nutrient ratio (C/N/P),
inhibitors, trace elements, concentration of microorganisms, the type of substrate and
the degree of its fragmentation, light and many others [72,73]. The main raw materials
for the production of agricultural biogas are animal manure: slurry, manure and liquid
manure. Complementary substrates can be organic waste from industry or agriculture,
forest biomass or biomass from energy crops [74].

There is an opinion in the literature that the biogas yield from slurry and liquid manure
is low due to the low dry matter content; therefore, in order to improve the efficiency of the
fermentation process, it requires the use of supplementary substrates. I believe this is a
misleading view for the biogas industry in light of the practical applications of pig slurry.
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In agricultural practice, the overwhelming majority of biogas installations operate in
the wet fermentation system, in which the dry matter content is 12-15% [75]. However, no
data are available in the literature on the use of only a polydisperse substrate-pig slurry,
which can be easily pumped and mixed in a biogas plant. There are very few publications
on the use of pig slurry, and those that only indicate laboratory attempts to obtain biogas,
which translates significantly into the scale of the installation.

Several researchers have conducted numerous studies to optimize the biogas yield in
anaerobic digestion [76]. An attempt to improve the efficiency of biomass conversion and
biogas yield was carried out by several researchers, including:

- By improving contact of bacteria with the medium by agitation [77-79];

- Microbial immobilization using a solid-membrane reactor [80,81] and an anaerobic
sequencing batch reactor (ASBR) [82];

- Improving the composition of the substrate by co-digestion with other substrates [78,83,84];

- Controlling ammonia inhibition [85].

In addition, efforts have been made to optimize the biogas yield by using two continu-
ous stirred tank reactors (CSTR) in series [86,87], selectively retaining solids in the reactor
by keeping agitation prior to removing the effluent [88], pretreating manure by separating
solids from digestate to improve biodegradability and availability [89-91], and improving
the nutritional requirements of bacteria [92,93].

Contrary to the other researchers mentioned earlier, attempts have been made to
improve the methane yield by increasing the inoculum content in the biofermenter [94-98].
Several results from these studies, i.e., the inoculum, are important for the rate of biogas
production [94]: the amount of methane produced appeared to be proportional to the initial
cattle manure as inoculum [21]; there was a strong influence of bovine rumen inoculum
on the anaerobic biostabilization of the fermentable organic fraction of municipal solid
waste [97]; and a higher percentage of inoculum resulted in higher biogas production [98].

Regarding the literature supplement, it is worth mentioning a few more details. For
example, biogas was obtained in the amount of (0.3-0.1) liters within 10 days [71]; then,
it was shown that for the next 60 days the biogas was produced at the level of (0.02-0.01)
liters. It was also shown in the work of Magrel [99] that biogas was produced for 25 days in
an amount up to 1000 dm?. Taking into account the present research, the authors suggest
a large influence of the dry matter concentration (about 20%) on the effectiveness of the
fermentation process, which was proved in 1929 by Fischer [100]. Recently, literature
reports on the quality of biogas are promising [101,102].

To the best of our knowledge, so far there is no literature available on the presentation
of an adhesive bed fermenter in which biogas production takes place using a polydisperse
bed. With all due respect, only this article shows the hydrodynamic aspects that are crucial
for the development of renewable energy sources in the biogas industry for agricultural
micro-installations.

4. Conclusions

Carrying out intensive livestock production in a small area creates an excessive amount
of slurry. Slurry is commonly used as fertilizer due to its low investment costs. Pig slurry
is commonly used as a fertilizer due to low investment costs, taking into account its
management for agricultural purposes in the area of the farm. However, it is preferable
to use pig slurry to produce biogas, namely, to convert it as a digestate product necessary
to fertilize the soil due to the absence of odors. Incorrect application of slurry leads to
soil and water contamination, as well as odor and greenhouse gas emissions. In view of
the existing threats, it is necessary to manage pig slurry using the methane fermentation
method, which is indicated in the article.

The article presents preliminary results of experimental tests that show a clear influ-
ence of flow resistance in relation to the gas permeability coefficient of the deposit. It was
found that characteristic parameters such as the degree of porosity of the gas flow and the
gas permeability coefficient determine the permeability scale of the skeleton material.
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The article presents the production of biogas in the fermentation process using pig
slurry for an innovative installation.
It has been shown that:

(1) The mixing system used in the fermentor ensures the uniformity of the composi-
tion of the fermentation mass and provides qualitative ingredients supporting the
fermentation process;

(2) The method of using the installation significantly improves the process of converting
liquid biomass, especially animal slurry, into high-calorific biogas and in cogeneration
into electricity and heat;

(3) Biogas can be produced easily and reliably near the livestock building.
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