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Abstract: There is a need to find methods to intensify the anaerobic digestion process. One
possibility is the use of pre-treatment techniques. Many laboratory tests confirm their effectiveness,
but in most cases, there is no verification work carried out on industrial plants. The aim of the
research carried out under laboratory conditions and on a large scale was to determine the
technological and energy efficiency of the use of hydrodynamic cavitation in the pre-treatment of a
waste mixture from dairy farms. It has been shown that hydrodynamic cavitation significantly
increases the concentration of organic compounds in the dissolved phase. In the most effective
variants, the increase in the content of these indicators was over 90% for both COD and TOC. The
degree of solubilisation achieved was 49+2.6% for COD and almost 52+4.4% for TOC. Under
laboratory conditions, the highest effects of anaerobic digestion were achieved after 10 minutes of
pre-treatment. The amount of biogas was on average 367+18 mL/gCOD and the amount of methane
233+13 mL/gCOD. Further large-scale optimisation trials showed that after 8 minutes of
hydrodynamic cavitation, the biogas yield was 327+8 L/kgCOD with a CHa4 content of 62.9+1.9%.
With this variant, the net energy yield was 66.4+2.6 kWh/day, a value that was 13.9% higher than
the original variant with 10 minutes of disintegration and 3.1% higher than the variant without pre-
treatment.

Keywords: cattle manure; milking station; anaerobic digestion; pretreatment; hydrodynamic
cavitation; biogas; methane; energy efficiency

1. Introduction

Technologies based on the use of anaerobic digestion (AD) are popular and widely used
solutions in many countries to produce renewable energy from substrates of different origins and
characteristics [1]. In this multi-stage process, biogas containing energy-rich methane and/or
hydrogen is produced as a result of the biological decomposition of organic material by specialised
groups of anaerobic microorganisms [2]. Around 19,000 biogas plants are in operation in the
European Union (EU) [3]. Germany is the leader in the implementation of this technology with over
10,000 plants, followed by Italy with over 2,000 biogas plants and France with around 1.6 thousand
facilities [4]. The creation of new AD systems is currently very dynamic. This is dictated by many
factors, including the unstable geopolitical situation, which affects the unpredictable and highly
variable costs of buying coal, natural gas or crude oil, as well as the need to ensure energy security
and stabilise energy prices [5]. Another important aspect is the endeavour to reduce greenhouse gas
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emissions into the atmosphere through the use of environmentally friendly technologies based on
renewable energy sources. This is in line with the principles of sustainable development and
corresponds to the assumptions of the circular economy and the European Green Deal [6,7].

There are several factors contributing to the slowdown in the development of the biogas market.
These include the very frequent changes in laws, required authorisations and environmental
standards in this area, as well as the fear and lack of acceptance of this type of installations by the
local community [8]. However, the most important aspect that significantly limits the intentions of
potential investors is the profitability and viability of this type of plant. Currently, the viability of
building AD bioreactor systems in most EU countries depends on the granting of subsidies, different
types of financing, non-repayable loans or preferential credits [9]. It is therefore necessary to look for
solutions, especially technological ones, that increase the economic efficiency and competitiveness of
the methane fermentation process on the market.

One of the directions that make it possible to increase the return on investment and operation of
AD plants is the utilisation of organic waste [10]. Heavily polluted wastewater from the food industry
[11], sewage sludge [12,13], waste from agriculture [14], the fruit and vegetable sector [15] and the
meat industry [16], as well as the organic fraction of municipal waste [17] and many others [18-21]
are excellent substrates in this process. Another way to increase economic efficiency is to use
technologies and process units that increase the biodegradability of the substrates used, which has a
positive effect on the quantity and qualitative composition of the biogas produced [22]. The search
for this type of improvement primarily relates to the development, testing and final implementation
of different pre-treatment methods [23]. To date, many techniques have been analysed to improve
the susceptibility of organic substrates to degradation under anaerobic conditions. These include
comminution and mechanical destruction [24], treatment with acids and bases [25], advanced
oxidation [26], enzymatic hydrolysis [27], disintegration with ultrasound [28,29], hydrothermal
depolymerisation by conventional [30] and microwave heating. [31], the use of low temperatures in
the freezing processes [32] and the injection of solidified carbon dioxide [33,34] as well as the use of
high-voltage disintegration [35]. Unfortunately, in many cases the optimistic results of the
preliminary investigations, which were achieved under laboratory conditions, were negatively
confirmed in pilot studies on a technical scale [36].

One of the promising directions for the pretreatment of substrates prior to the AD process is the
use of hydrodynamic cavitation (HC) [37]. Until recently, the prevailing opinion was that HC is a
violent and negative phenomenon that causes problems and operational difficulties in technical
plants related to fluid flows [38]. It has been widely pointed out that HC increases the noise level,
amplifies vibrations, disturbs the continuity of the flow and intensifies cavitation erosion processes,
which directly reduces the efficiency of the equipment and shortens its service life [39]. Localised
sudden pressure changes due to cavitation can exceed typical values by a factor of hundreds, and the
resulting shocks are so strong that they can destroy almost any material [40].

Recently, attention has been paid to the possibility of building and using HC generators to
intensify biological processes, including the treatment of toxic [41] and biodegradable [42]
wastewater, the stabilisation of sewage sludge [43], including granulated sludge [44], or to increase
the efficiency of bioenergy technologies, including methane [45] or hydrogen fermentation [46] as
well as the production of bioethanol [47] and biodiesel [48]. The results of the experimental work
carried out so far indicate efficient destruction of complex organic structures present in the pre-
treated medium, which increases the efficiency of their further conversion, transformation and
biodegradation by specialised groups of microorganisms [49]. The undeniable advantages of HC
include the absence of secondary contamination of the treated medium due to the non-chemical
nature of HC [40], as well as easy implementation into existing technological systems [50], relatively
simple construction and operation [51]. HC generators make it easier and more precise to achieve the
required cavitation conditions and intensities [52]. The effectiveness of this solution has been
repeatedly confirmed, mainly on a laboratory scale, but also, albeit rarely, in pilot plants and under
near-operational conditions in large-scale installations [53]. Another advantage of HC is its economic
aspects in terms of competitive operating and maintenance costs [54].
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Cavitation is the process of formation, growth and subsequent implosive collapse of vapour
bubbles, which is a consequence of a phase change caused by a significant pressure drop at constant
temperature [55]. This dynamic transition from the liquid to the gaseous state, measured in
milliseconds, can occur when the initial liquid temperature is between the triple point temperature
and the critical temperature and the pressure at this temperature is greater than the vaporisation
pressure [56]. When the walls of a cavitation bubble burst, which happens during a collision, large
amounts of energy are released. Shock waves of high intensity and force are generated in the
processed medium, which propagate at the supersonic speed of water (~6000 km/h) [57]. The local
pressure exerted on the particles can exceed values of 1 GPa and the local temperatures can reach
several thousand Kelvin [57]. As a result, the vapour trapped in the budding vesicles dissociates and
generates free radicals of the *OH and *H type [58]. Reactions with free radicals can take place in a
collapsing cavitation bubble at the interface between the bubble and the cavitated medium. The
effective generation of radicals plays a key role in the process of oxidation of pollutant molecules and
pretreatment of substrates prior to the AD process [59].

The phenomenon of cavitation thus comprises physical, thermal and chemical effects [40].
Physical effects contribute to the disintegration of particles and the lysis of organic substrates due to
the shock waves, shear forces and microjets generated. The thermal effect is the result of the formation
of hot spots with a heat transfer rate of 1010 K/s [60]. In the pretreatment process, thermal effects also
enhance the decomposition of complex organic structures through thermal depolymerisation [61].
Chemical effects are related to the production of highly reactive *OH radicals and other reactive
compounds responsible for the oxidation and lysis of organic substrates [62]. This synergistic effect
makes the HC process a promising and competitive solution whose implementation can improve the
technological and economic effect of the AD process.

The effectiveness of the use of HC in the intensification of biogas production has been repeatedly
confirmed in the pretreatment of sewage sludge [45], biomass from energy crops [63] and waste from
the agricultural [64] and food sectors [65]. However, it should be emphasised that reports on
laboratory-scale research predominate [66], the results of which are often not confirmed on a larger
scale as the technological readiness level (TRL) increases. There is therefore a justified need to verify
the results of experimental work, and even a requirement to confirm them each time in installations
whose operation corresponds to actual operating conditions. There is not yet enough large-scale work
to confirm the effectiveness of HC.

The aim of the research was to determine the effectiveness of the HC process in the disintegration
of an organic substrate consisting of wastewater from a milking station and cattle manure. The work
involved optimising the process during laboratory-scale experiments and then verifying the results
in a full-scale agricultural biogas plant. The research focussed on the selection of a technological
variant that would allow the highest efficiency of biogas and methane production to be achieved
while at the same time achieving a positive energy balance through the use of HC.

2. Materials and Methods

2.1. Organisation of the Experiment

The study was carried out in two stages (51, S2). In the first stage (S1), the work was carried out
on a laboratory scale. S1 was divided into 8 variants (V0-V7), whose separation criterion was the HC
time used and thus the unit of energy introduced into the substrate. The second stage (52) was carried
out on a technical scale in an existing agricultural microbiogas plant. The basic HC operating
parameters for S2 were selected based on the results obtained in the laboratory tests in S1. The
research work focused on the further optimisation of the HC and AD processes. Finally, three variants
(V1-V3) were differentiated in S2, depending on the duration of the HC used, as well as a control
variant without pre-treatment (V0). The numerical values characteristic of the subsequent parts of
the research are included in Table 1, and the organisational scheme of the experiments is shown in
Figure 1.
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Table 1. Characteristics of the experimental work in the following stages and variants.

Stage Variant DuIr-Iafion Power Volume Energy Demand Energy Demand
. [kW] [L] [Wh/L] [Wh]
[min]
0 0 - 0
1 2 8 50
2 4 16 80
3 6 24 120
! 4 8 12 > 32 160
5 10 40 200
6 12 48 240
7 14 56 280
0 0 - 0
1 10 26.7 2670
2 2 8 16 100 21.3 2130
3 6 16.0 1600

Analysing the results obtained in S1 and
selecting the initial variant for large-scale | m— : :

tests (S2) large-gcale tests in a continuously

operated agricultural micro-biogas

f plant

Stage 2:

Stage 1: Objective:
laboratory-scale tests in respirometric verification of the results of the
batch reactors ) research work in S1 and further
optimise the process to improve AD
efficiency and the energy balance
Objective: achieved

HC optimisation with regard to the
amount of CHz obtained and the energy

balance Analysed:
- unit and daily production of biogas
and CHs
Anlalyseclzl - energy balance
- COD and TOC in the dissolved phase
- degree of solubilization of COD and
TOC *
- production of biogas and CH4 per unit
- AD kinetics Analyse and interpret the results obtained in
- energy balance —- S1 and S2. Formulation of final conclusions
and directions for further research

Figure 1. Organizational scheme of research work.

2.2. Location of Research

The laboratory-scale experiments (S1) were carried out at the Centre for Aquaculture and
Ecoengineering of the University of Warmia and Mazury in Olsztyn (UWM in Olsztyn)
(53°45'14.03851"N, 020°27'43.33475"E). However, the research in S2 was carried out at the agricultural
biogas plant in Batdy (53°36'03.31427"N, 020°36"12.86527"E) at the Education and Research Station
(ER-S). The ER-S in Baldy is a university-wide unit of the UWM in Olsztyn. It is located 20 km south
of Olsztyn. The station conducts research, agriculture and leisure activities. The station cultivates 482
hectares of very well-cut land, of which 422 hectares are planted with cereals, maize and grasses. It
breeds 360 dairy cows (Holstein-Friesian and Jersey) and 40 horses (cold-blooded, Silesian and
Greater Poland), as well as the horses entrusted to us (horse boarding). The farm derives its income
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mainly from the sale of milk, grain and livestock. The location of the most important facilities for the
planned research work is shown in Figure 2.

Figure 2. Location of the sites where the laboratory-scale experiments (S1) and the work in the

agricultural biogas plant (52) were carried out on the map of Poland.

2.3. Materials

The organic substrate subjected to the pretreatment process with HC was a mixture of cattle
slurry (CS) from barns and sewage from milking stations (MSS) of dairy cows. The substrate mixture
from the ER-S facilities in Batdy was collected and then channelled by means of collectors from the
stables and milking station into an underground retention tank with an active volume of 50 m3,
equipped with a jet pump that ensured regular mixing of the contents. The agricultural waste was
stored in this tank before being fed into the technical system of the agricultural biogas plant. The
anaerobic sludge (AS) inoculum used in the laboratory tests came directly from the bioreactor of the
ER-S agricultural biogas plant in Batdy. The inoculum was therefore prepared and fully adapted to
the organic substrate tested. The values of the basic pollution indicators contained in the MSS and CS
mixture and the properties of the AS are presented in Table 2.

Table 2. Properties of the substrate (mixture of CS and MSS) and AS used during the research.

Parameter Unit CS+MSS AS
Total solids (TS) g/L 13.73+2.95 31.32+1.72
Mineral solids (MS) g/L 11.82+1.13 7.21£1.10
Volatile solids (VS) g/L 1.91+0.61 24.11+1.53
Total nitrogen (TN) g/L 1.08+0.22 1.02+0.09
Total phosphorus (TP) g/L 0.64+0.17 0.43+0.06
Chemical oxygen demand (COD) g/L 26.92+3.40 41.12+4.99
Total carbon (TC) g/L 13.47+2.11 18.92+1.97
Total organic carbon (TOC) g/L 10.52+1.40 12.70+1.63
Total inorganic carbon (IC) g/L 2.95+0.47 6.22+0.85
Dissolved phase COD (CODb) g/L 9.31+1.02 5.79+0.96

Dissolved phase TOC (TOCb) g/L 2.91+0.77 1.48+0.32
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6
C/N (COD/TN) - 24.92+2.92 7.06+0.72
C/N (TOC/TN) - 5.84+0.81 40.31+£3.78
pH - 7.44+0.27 12.45+1.42

2.4. Hydrodynamic Cavitators

In 51, the HC procedure was performed with a hydrosonic pump (Contex, Poland) with a power
of 1.2 kW and a maximum motor speed of 2800 rpm. The working volume of the device was 5 L. The
hydrosonic pump consisted of a steel cylinder, inside which there were blades and cavitation holes
arranged coaxially on the drive shaft. The HC time of the tested organic substrate ranged from 0 to
14 minutes depending on the test variant (Table 1). The device used for the HC in S1 is shown in
Figure 3.

(A)

Figure 3. HC system used in laboratory tests conducted in S1. (A) hydrodynamic cavitator, (B) control
and control and measurement module).

In S2, where HC was performed on the site of an operating agricultural biogas plant, a
multifunctional rotor rotated at a speed of 2800 rpm in a cavitator with a power of 16 kW. The active
volume of the cavitator was 100 litres. In a single HC cycle, the tank was filled with substrate and
disintegrated by repeatedly flowing through the rotor under the influence of centrifugal force.
Through contact with the blades and cavitation holes, the substrate is subjected to a variable pressure
that allows the formation and disappearance of cavitation bubbles that break down the substrate
molecules. Once decomposition is complete, the substrate is introduced into the digester and the HC
cycle begins again. Depending on the variant, the HC time was between 0 and 10 minutes. The device
used for the HC in 52 is shown in Figure 4.
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Figure 4. HC system used in research on an agricultural biogas plant in S2 (A — hydrodynamic
cavitator, B — control and measurement module).

2.5. Stations for Anaerobic Digestion (AD)

AD in S1 was carried out in reactors with a total volume of 1.0 L and an active volume of 0.5 L
(AMPTS 11, BPC Instruments AB, Lund, Sweden), in which the amount of biogas and CH4 produced
was monitored once a day. The model fermentation chambers were mixed by mechanical stirrers
with a vertical axis and a capacity of 100 rpm. Stirring was started 24 times per day on the hour for
15 minutes. First, AS was introduced into the respirometers and then an amount of the MSS and CS
mixture was introduced to ensure the assumed organic load rate (OLR) of the chambers at a level of
=5.0 gCOD/L. The AD was performed at 38°C. Nitrogen gas with a capacity of 100 L/h was injected
for 2 minutes to remove oxygen from the atmosphere of the chambers. The yield of biogas and CH4
under normal conditions (p = 101300 hPa, T = 273K) was measured once a day using dedicated
software for the AMPTS II device. The measurement was carried out until complete anaerobic
decomposition of the organic substrates, which was determined by three consecutive readings that
did not differ by more than 1%. The biogas and CHi volume units obtained were corrected for the
endogenous biogas produced by the AS not fed with organic matter. A diagram of the test stand and
procedures used in the respirometric measurements is shown in Figure 5.
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Reactor bottle with
automatic stirrer

Software with a data collection
and analysis system

Sample incubation unit Ex-situ CO:z absorption unit Flow cell array and DAQ unit
Reactor volume: 1000 mL Volume of bottles: 100 mL Measurement resolution: 9 ml
Active volume: 500 mL Absorption liquid: 3M NaOH Dataction capacity: 1p to 300 L
Temperature control: 38+1°C Absorption efficiency: >98% Measuring range: 1 to 6000 mL/h

Mixing of reactors: 100 rpm Measuring precision: CV £1%

Figure 5. Schematic of the test stand used in S1.

In S2, the methane fermentation process was carried out in an agricultural biogas plant with an
active volume of the AD reactor of 20 m3. The diagram of the entire technological process is shown
in Figure 6. The plant was operated at an OLR value of = 3.0 kg COD/m?3, a hydraulic retention time
HRT = 10 days and under mesophilic fermentation conditions of 39+1°C. The substrate was initially
pumped from the retention tank into the intermediate tank with an active volume of 3.0 m? at a rate
of = 2.2 m¥day. The intermediate tank was equipped with a mixer with a vertical axis. The HRT of
the substrate in the intermediate tank is approximately 1 day. The substrate is then fed into the actual
fermentation tank with an active volume of 20.0 m? via a displacement pump integrated into the
macerator. The chamber is equipped with an agitator with six paddles and a vertical axis. In the
variants in which HC was used, the substrate was cavitated before entering the fermentation chamber
in accordance with the assumptions of the research process. The digested sludge then flows through
an overflow into a second fermentation tank with an active volume of 20 m?.
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Figure 6. Technological diagram of the agricultural biogas plant being the research object in stage 2.

The digested sludge is channelled into the digested sludge thickener, where it is separated into
a solid phase with a dry matter content of up to 20% and a liquid phase. The solid phase is recirculated
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into the fermentation chamber to ensure an appropriate concentration of fermenting microorganisms
in the AD process at an average level of = 30.0 gTS/L. The liquid phase and the unused thickened
phase of the digestate are discharged into an underground storage tank, from where they are then
transported to agricultural fields and used as natural fertiliser. The biogas produced in the AD
process is fed via glycol safety devices to the desulphurisation process on a column of peat ore and
then burned in a furnace with two outlets to form heat exchangers. One of the heat exchangers
provides heat for the technological system of the biogas plant, the other heats a boiler with hot water,
that is used for the needs of SD-B in Baldy. The technological scheme of the agricultural biogas plant
is shown in Figure 6.

2.6. Analytical Methods

The amount of biogas and CHs in S1 was determined using respirometric measurements. The
efficiency of biogas production was determined in a system in which no ex-situ CO: absorption unit
was used and in which the absorption liquid was a 3M NaOH solution. To determine the amount of
CHas produced in the AMPTS II technology line, an ex-situ CO2 absorption unit was used, whose CO:
binding efficiency is estimated by the manufacturer to be over 98%. To verify the results obtained,
chromatographic analyses were also carried out using an Agilent 7890A gas chromatograph (Agilent,
Santa Clara, California, USA) equipped with a TCD detector. The biogas produced was collected
directly from the respirometric bioreactor with a gas-tight syringe (20mL). In the chromatograph
used, the carrier gases were argon and helium at a flow rate of 15 mL/min. The device had columns
operating at 70°C: Hayesep Q (80/100 mesh), Porapak Q (80/100) and a module with molecular sieves
(60/80 mesh). Injection and detection were carried out at temperatures of 150°C and 250°C. In S2, the
amount of biogas produced was determined with a G2.5 METRIX gas analyser (MagGaz Ltd.,
Poznan, Poland) and the composition with a portable GMF 430m biogas analyser (GasData, UK) and
periodically with a gas chromatograph (GC, 7890A Agilent, Santa Clara, CA, USA) to verify the
results. The chemical oxygen demand (COD), total nitrogen (TN) and total phosphorus (TP) in the
dissolved phase of the medium were analysed using a spectrophotometer (Hach DR 6000,
Diisseldorf, Germany) after prior mineralisation in a HT200S high-temperature thermostat with HSD
(High Speed Digestion) technology. TC, TOC, IC and TN in the dissolved phase determined by
oxidative combustion - chemiluminescence with the Total Organic Carbon Analyser TOC-L
CPH/CPN with TNM-L device (Shimadzu Corporation, Japan). To determine the transition of
organic matter to the dissolved phase and the degree of solubilisation, the samples for COD and TOC
determinations were pre-centrifuged in a ROTINA 380 laboratory centrifuge for 3 minutes at a
rotation speed of 9000 rpm. The samples were then filtered through a 1.2 um membrane philtre. In
the samples dried at 105°C, the content of total carbon (TC), total organic carbon (TOC) and total
nitrogen (TN) was also determined using a Flash 2000 analyser (Thermo Scientific, Delft,
Netherlands). The pH value was measured with a pH metre (1000 L, VWR International, Radnor, PA,
USA). The content of solids (TS), minerals (MS) and organic compounds (VS) was determined
gravimetrically.

2.7. Calculations and Statistical Methods

The energy demand (Ed«) of the HC process in Wh in S1 was calculated as the product of the
cavitation energy introduced into a given substrate volume and the total volume of the pretreated
substrate (1):

Ea= Enc-Vs @)

where Enc is the amount of hydrodynamic cavitation energy introduced into a unit volume [Wh/L],
Vs is the volume of substrate introduced into the fermentation bioreactor [L].

The energy demand (E4) of the HC process in kWh/day in S2 was calculated as the product of
the HC power and the operating time of the cavitator per day (2):

Eda=PucTHc (2)
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where Puc is the power of the hydrodynamic cavitation generator [kW/h], Thc is the operating time
of the HC per day [h/day].
The gross energy (Egross) in Wh generated by CHa production in S1 was calculated as follows (3):

Egross=(Ycna -Ccns)/COD (3)

where Ycrs is the CHa production [L/gCOD], Cchs is the calorific value of methane [Wh/L] and COD
is the amount of organic substances introduced into the digester [gCOD].

The gross energy (Egross) generated by the methane production in S2 in kWh/day was calculated
as follows (4):

Egross=VcHa - Ccra 4)

where Vcns is the CH4 production [m¥/day], Ccrasis the calorific value of methane [kWh/m?].
The net energy output (Enet) in Wh was calculated as (5):

Enet= Egross —Ea (5)

Equations (6) present, organic matter solubilization degree [%] calculation [67,68].
sCODso/sTOCso is the soluble COD/TOC before the HC [mg/L], sCODs1/sTOCs1is the soluble
COD/TOC after the HC, and COD1o/TOCro is the total COD/TOC [mg/L] before the HC.

COD orTOC solubilization degree =

[(sCODs1 or sTOCs1 — sCODso or sTOCs0)/(CODto or TOCro — sCODso or sTOCs0)]*x100 ©

The rate of the AD process (r), which is characterised by the daily increase in biogas and CHs,
and the rate constants (k), which correspond to the estimated r values, were determined using the
iterative method with linear regression.

Y(t) =-Ymax (et —1) (7)

where Y - biogas/CH: yield (mLN/gCODintroduced- day), Ymax — maximum production of
biogas/CH4 (mLN/gCODintroduced), k — kinetic constant (1/day), t — time (day). Biogas/CH4 r was
calculated by multiplying k by the maximum efficiency of gaseous metabolite production of the AD
process per unit mass (gramme) of COD fed to the respirometers, which results from first order
kinetics.

The research in S1 was carried out in four replicates, in 52 each measurement performed during
the operation of the agricultural biogas plant according to the assumptions of the tested technological
variant was considered as one replicate. In 52, a single test cycle must include the full hydraulic
exchange of the volume of the operated anaerobic chambers at least three times. The significance of
the differences between the analysed variables was determined at the significance level of « = 0.05
(Statistica 13.3, Statsoft, Inc., Tulsa, OK, USA). Normality of the distribution (Shapiro-Wilk test).
Significance of the differences between the means (one-way analysis of variance - ANOVA).
Homogeneity of variances between the groups (Levene test). Significance of the differences between
the analysed variables (Tukey HSD test). The independent variable is the experimental V - the applied
substrate temperature/AD - and the dependent variables are the monitored and calculated
characteristic AD parameters.

3. Results and Discussion

3.1. Stage 1—Laboratory-Scale Research

According to the available literature data, it is possible to monitor the effectiveness of the
pretreatment of organic substrates prior to the AD process by evaluating the changes in the
concentration of organic matter in the dissolved phase [69]. It has been shown that the concentrations
of dissolved COD and TOC often correlate strongly with the final technological effects of AD, namely
the efficiency of biogas and CHas production [70]. Based on these indicators, optimisation procedures
and empirical equations have also been developed that allow reliable estimation of AD energy
efficiency after the initial pre-treatment of substrates with different properties and origins [71]. An

do0i:10.20944/preprints202403.0156.v1
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example of this type of research is the use of solidified CO: in the disintegration process of aerobic
granular sludge (AGS) prior to AD, where a successive increase in COD in the supernatant was
observed with increasing doses of solidified CO: from 0.1 to 0.5 in the supernatant from 334+15 to
450 £13 mgO2/L. For raw sludge, the COD concentration in the overlying liquid was 152+14 mgO2/L
[33]. Other studies focused on the use of ultrasonic disintegration for the pretreatment of excessive
sewage sludge [72]. They showed that the COD concentration in the supernatant reached 4537.5 mg/L
after 30 minutes of ultrasonic exposure. In the raw sludge, the COD content in the overlying liquid
was 227.5+27.5 mg/L [72]. Park et. al (2013) [73], on the other hand, used ultrasonic disintegration to
process microalgal biomass. The concentration of dissolved COD increased with the amount of
energy applied. Energy doses of 50, 100 and 200 J/mL were used, resulting in COD concentrations of
around 1250, 1350 and 1500 mg/L, respectively. With non-disintegrated biomass, the concentration
of dissolved COD was around 750 mg/L [73].

Laboratory-scale experiments (S1) also documented the effects of the HC process on the changes
in organic matter content characterised by COD and TOC in the dissolved phase. This process was
evaluated by monitoring the concentrations of these indicators and by assessing the degree of
solubilisation, i.e. the efficiency of the transfer of organic matter from the solid phase to the solution,
expressed as a percentage. For the raw substrate that was not subjected to the HC process (V0), the
COD and TOC contents were 9.31+1.02 gO2/L and 2.91+0.18 g/L respectively. In the variants V1 - V3,
where the pre-treatment time was between 2 and 6 minutes, there was no significant effect of HC on
the changes in the concentration of dissolved COD. The COD concentrations ranged from 9.97+0.94
gO2/L (V1) to 11.98+1.02 gO2/L (V3), with the degree of solubilisation increasing significantly from
3.7+0.4% (V1) to 15.2+1.2% (V3). Monitoring of the TOC content showed that the use of 6 and 8
minutes HC ensured a comparable, significant increase of this indicator in the dissolved phase to
values of 4.08+0.21 g/L (V3) and 4.37+0.20 g/L (V3). L (V4) and the degree of solubilisation 19.0+1.2%
and 23.7+1.7%.

60 1

30 A
43 A
40 4
33 1
30 4
23 4
20 A
15 A

10 A

[%]

[gL]

Figure 7. Changes in the concentrations of dissolved COD and TOC (A) and the degree of
solubilization of these indicators (B) as a function of the experimental variant in S1.

In V5, a significant increase in the concentration and solubility of both COD and TOC was
observed after 10 minutes of HC. The COD content was 16.36£1.34 gO2/L at a solubility level of
40.0+2.3%, while the TOC content was 5.13+0.29 g/L with 36.0£2.1% solubilisation. The increase in
HC time had no significant effect on the observed concentrations of organic compounds in the
dissolved phase. For COD, the range was between 17.02+2.07 gO:/L and 17.93+1.74 gO>/L and for
TOC between 5.52+0.14 g/L and 6.11+0.48g/L. The degree of solubilisation in V7 for COD increased
to 48.9+2.6%, while for TOC it was 51.9+4.4%. Lower results were obtained by Mancuso et. al (2021)
[43], who investigated the influence of the HC time of the sewage sludge on the concentration of
dissolved COD and the degree of solubilisation. The applied HC times of 0, 1, 2, 4 and 8 hours resulted
in dissolved COD concentrations of 244, 992, 1719, 2693 and 4578 mg/L and corresponding degrees
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of solubilisation of 0%, 1.7%, 6.5%, 10.8%, 19.2% [43]. An increase in the degree of solubilisation as a
result of pretreatment was also achieved by Lee and Han (2013) [74] by disintegrating activated
sewage sludge with HC. After 1 minute, a degree of solubilisation of 11.52% was achieved. After 5
minutes it was about 14%, after 10 minutes about 16.5% and after 15 minutes about 21%. After 20
minutes, however, it reached a value of 23.67% [74]. Other trends were found in other studies by
Mancuso et al. (2019) [75], in which the use of 1 hour of HC WAS at a pressure of 2 bar resulted in a
degree of dissolution of only 1.4% and an increase in dissolved COD from 228 to 617 mg/L. However,
higher decay values can easily be achieved by changing the HC operating conditions such as the inlet
pressure and the HC treatment time [76]. This was confirmed in the study by Langone et al. (2018)
[64], in which one hour of HC treatment of cattle slurry led to an increase in COD in the liquid by
2040 mg/L at an inlet pressure of 6.0. A further increase in inlet pressure led to a further increase in
COD values of 3340 and 5500 mg/L at inlet pressures of 7.0 and 8.0 bar, respectively. The degree of
disintegration increased by 5.8, 8.9 and 15.8% after HC treatment at pressures of 6.0, 7.0 and 8.0 bar,
respectively [64].

In HC, cavitation bubbles grow on a solid surface (cavitation scoops) and then collapse under
the influence of shear flows [21]. A low energy input and a short pre-treatment time only promote
the deagglomeration of flocs and not the release of soluble material. Increasing the energy input
promotes the disruption of the cell wall and a high solubilisation of the organic material. However,
low energy levels lead to smaller particles, while higher energy input produces larger particles due
to re-flocculation, resulting in structures that are resistant to anaerobic degradation [77]. HC is mainly
used to disrupt and destroy the structures of cell walls and membranes, e.g. in bacteria [74] and
microalgae [78], less frequently to destroy complex structures of ligocellulosic biomass [79]. The
substrate used in the study, consisting of milking plant effluent and cattle slurry, was unusual and
had not been treated with HC before. According to Szaja et al. (2022) [80], the results of HC treatment
can be influenced by many factors, such as the type of cavitation reactor, operating inlet pressures,
cavitation number, temperature, pH and initial pollutant concentration. In addition, the physico-
chemical properties of the liquid used, including its vapour pressure, viscosity and surface tension,
play an important role [81].

In the further part of the experimental work carried out in S1, respirometric tests were performed
to evaluate the direct effects of pretreatment with HC on the effectiveness of the AD process. The
focus was on determining the possible total yield of biogas and CH4 and estimating the kinetics of
the methane fermentation process. Respirometric testing is a common method of evaluating the
effectiveness of the AD process. This is due to many advantages, including stable and repeatable
conditions, thanks to which it is possible to reliably compare and evaluate the results obtained, the
ability to simulate different process conditions, which allows easy optimisation of technological
parameters, reliability as a measurement tool, ease of use and the possibility of evaluating the
influence of inhibiting factors on biogas production [82]. They are also frequently used to evaluate
the efficiency of the pre-treatment process. An example of this is the work of Cydzik-Kwiatkowska
et al. (2022) [83], in which the effect of ultrasound on the AD of aerobic granulated sludge in 1 L glass
bioreactors (OxiTop system) was investigated. After 0.5, 4.0 and 8.0 minutes of digestion, the biogas
yield was 400 mL/gVS, 420 mL/gVS and 455 mL/gVS respectively. In the case of raw sludge, 375
mL/gVS of biogas was obtained [83]. Another example is the work of Kim et al. (2023) [84], which
investigated the effects of alkaline thermal hydrolysis of cattle slurry on AD carried out in 250 mL
serum bottles. The highest CHs production of 227.0+11.0 mL/gVS was measured at 160°C with 2%
(dry weight) NaOH addition, compared to AD of cattle manure without disintegration, where
182.2+42.5 mL/gVS was observed [84] . In other studies [68], the influence of ultrasonic disintegration
of granulated microalgae-bacteria sediment on AD performed in respirometric batch reactors
(AMPTS 1II, BPC Instruments AB, Lund, Sweden) was determined. Studies have shown a positive
effect of sonication on the kinetics of the anaerobic process and CHs production. The highest
production was achieved in the variants where sonication lasted 150 to 200 s and was between 534+16
and 561+17 mL/gVS. CHa production from the non-disintegrated substrate was 329+20 mL/gVS [68].



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2024 d0i:10.20944/preprints202403.0156.v1

14

In the control experiment (V0), the biogas yield was 140+20 mL/gCOD with an observed AD rate
(r) of 42.6+2.9 mL/day on average and a rate constant (k) of 0.30 1/day. The CH4 content was
62.4+1.4%, resulting in 87+10 mLCH4/gCOD. Similar AD efficiencies were observed in V1 and V2,
with the HC time used ranging from 2 to 4 minutes. The production of biogas and CH4 in V1 was
142423 mL/gCOD and 88+11 mLCH4/gCOD, while in V2 it was 161+16 mL/gCOD and 10049
mLCHa4/gCOD. A significant increase in the efficiency of the AD process and an increase in the values
characterising the reaction kinetics were observed in V3. The amount of biogas obtained after 6
minutes of HC was 209+31 mL/gCOD and the amount of methane was 130+13 mLCH4/gCOD. The
indicators characterising the kinetics of the biogas production process were r - 84.0+9.1 mL/day and
k -0.40 1/day.

The expansion of the pretreatment process with HC led to a successive increase in AD efficiency.
The highest technological effects in terms of biogas and CH4 production were found in V5, where the
tested HC time was 10 minutes. In this variant, 376+14 mL/gCOD biogas (r - 183.5+4.3 mL/day, k -
0.50 1/day) and 233+5 mLCH4/gCOD (r - 111.8+2.7 mL/day, k - 0.48 1/day) were achieved. Increasing
the HC time in V6 and V7 had no significant effect on AD efficiency, which is characterised by the
production of biogas, CHas and the observed process kinetics. The biogas quantities obtained were in
a narrow range from 369+12 mL/gCOD to 362+21 mL/gCOD and CHs from 233+6 mLCHs/gCOD to
228+9 mLCH4/gCOD. The study confirmed the significant influence of the HC used on the increase
in biogas production and the values of the indicators characterising the kinetics of the process; the
pre-treatment process used had no significant influence on the CH4 content in the biogas. The CHs
concentration was within narrow limits from 62.0+1.9% in V3 to 63.6+3.2% in V4. Detailed data on
the efficiency and kinetics of the AD process in the subsequently implemented variants of S1 are
shown in Table 3 and Figure 8.

Table 3. Characteristic indicators of biogas and CH4 production depending on the HC time in S1.

HC

Varian duration Biogas CHa Biogas CHa Biogas CHa CHa
t [min] [mL/gCOD] [mL/gCOD] [mL/gTOC] [mL/gTOC] [mlL] [mL] [%]
0 0 140+20 87+10 416+59 259429 350+50  218+25 62.4+1.4
1 2 142423 88+11 422+68 262+32 355457 220427 62.1+2.3
2 4 161+16 100£9 478+48 298+27 402+40 25122 62.4+1.1
3 6 209+31 130+13 621+92 385+38 522+77  324+32 62.0£1.9
4 8 282+17 179+7 838+50 53321 705+42  448+17 63.6+3.2
5 10 367+14 233+5 1090+43 691+15 917+35 582412 63.4+1.7
6 12 369+12 233+6 1096+36 692+18 922+30 58215 63.1+2.2
7 14 362421 22849 1075+62 676+27 905+52  569+22 62.9+2.1
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a function of the experimental variant S1.
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The research results of Lee and Han (2013) [74] on the effects of the disintegration of activated
sewage sludge using HC on AD also show the dependence of the cumulative biogas yield on the
degree of sludge disintegration. By using HC, a biogas production of 51.28 mL/gCOD was achieved,
with a CHs content of 56.99%. The sludge that did not undergo any pretreatment had a biogas
production of 45.52 mL/gCOD and a CHas content of 54.07% [74]. Fardinpoor et al. (2022) [85]
investigated the effect of HC on the AD of the cyanobacteria D. tharense. It was shown that it is
possible to obtain 290.6 mLCHa4/gVS, which meant an increase in CHs production of up to 20.3%, as
the CHs4 production of untreated D. tharense was 241.5 mLCH4/gVS [85].

In the study by Langone et al. (2018) [64], HC was used to disintegrate cattle slurry prior to AD.
At an inlet pressure of 6.0, the biogas production was 476 mL/gVS and the CH4 concentration was
62.6%. A further increase in inlet pressure led to an increase in biogas yield to 486 mL/gVS and 491
mL/gVS mg/L at inlet pressures of 7.0 and 8.0 bar, respectively. Conversely, the CH4 concentration at
a pressure of 7.0 was 62.7%. However, at a pressure of 8.0, a decrease in CHs content to 61.4% was
observed [64]. The reduced CHs production after pretreatment, which was also observed in this study
at V7, could be related to the high concentration of bioavailable substances that can negatively affect
the methanisation process [86]. This phenomenon may also be related to the removal of organic
material, leading to a net decrease in organic material available for CH4 production [87] and the
formation of resistant/toxic compounds [88]. In particular, inhibitors can be formed either by the
pretreatment of biomass, which produces soluble phenolic compounds and soluble hemicellulose
compounds such as furfural and hydroxymethylfurfural (HMF) [87], or by the degradation of
carbohydrates and amino acids into melanoidins that are difficult or impossible to degradation, the
so-called Maillard reaction [64].

The estimated energy balance based on the laboratory test results, presented in Table 4, showed
that the highest similar value of gross energy obtained from biogas was found in V5 and V6, 5.33 Wh
and 5.34 Wh respectively. For the control variant VO without pre-treatment, the value was only 2.00
Wh. After taking into account the energy requirement for the HC process, it was found that none of
the technological variants tested had a higher net energy gain than V0, which was 2.0 Wh. The highest
net energy value among the variants with HC was found in V5, where the pre-treatment process
lasted 10 minutes. It was 1.65 Wh. In the other cases, the net energy yield ranged from 0.07 Wh (V7)
to 1.28 (V1). Considering that the energy balance for AD research conducted in lab-scale batch
reactors provides very estimated and approximate data. In the next stage (S2), further optimisation
work was planned on a technical scale, with the initial pre-treatment time being that used in S1V5.

Table 4. Energy balance based on the results obtained in S1 on a laboratory scale.

HC Energy Demand CHas Energy Energy Gross Energy Netto

Variant Duration (Ea) C[]Ij4 Value (Ycns) (Egross) (Enet)
[min] [Wh] [Wh/L] [Wh] [Wh]

0 0 0 2.18 2.00 2.00

1 2 0.74 2.20 2.02 1.28

2 4 1.47 2.51 2.30 0.83

3 6 2.21 3.24 9.17 2.97 0.76

4 8 2.94 4.48 ’ 411 1.17

5 10 3.68 5.82 5.33 1.65

6 12 442 5.82 5.34 0.92

7 14 5.15 5.69 5.22 0.07

Fardinpoor et al. (2022) [85] also determined the energy efficiency of the HC process in
combination with AD. The energy production (CHs) from raw D. tharense via AD was 9 MJ/kgTS, the
energy recovery was 41.4%. The use of HC increased the energy production to 10.8 MJ/kgTS. This
shows that an energy recovery of 49.8% can be achieved under the conditions of maximum CHa
production [85]. However, it may not be possible to produce a large amount of CHa4 from all strains
because their internal properties, such as composition and cell wall, are completely different [89]. The
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energy consumption of the HC pretreatment process was measured to be 7.24 KWh/kg D. tharense for
maximum CHs production. The sum of the energy consumption for microalgae, AD and HC
production was 8.5 KWh/kg cyanobacteria. The energy assessment showed that the energy gain did
not compensate for the energy input required for HC pretreatment [85]. The energy efficiency of the
HC process was also the subject of research by Langone et al. (2018) [64], who disintegrated cattle
slurry prior to AD. When the inlet pressure was increased from 6.0 to 8.0 bar, the energy consumption
in the HC system increased from 1905 to 2872 kJ/kgVS, corresponding to 0.53 and 0.80 kWh/kgVS,
respectively. All experiments with HC treatment showed a positive net energy content. However, at
pressures of 6.0, 7.0 and 8.0 bar, the net energy content of HC decreased by 17, 20 and 25% compared
to the untreated sample, reaching values of 2.43, 2.36 and 2.20 kWh/kgVS, respectively. This is due to
the fact that the energy consumed for HC treatment was greater than the energy generated by the
additional CH4 volume due to slurry dissolution. Nevertheless, the energy balance of this study did
not take into account the benefits of HC treatment, which could lead to a more favourable energy
balance [63]. HC treatment improves the rheological properties of the substrate, reducing the energy
consumption for mixing and pumping in the AD process and allowing preheating of the substrates
entering the digester. In addition, many factors, including the low environmental impact of the HC
process, the efficiency of nitrogen removal and the reduction of pumping problems and mixer
failures, have led to the HC system being recognised as a valuable pretreatment system [90].

The experimental work carried out in S1 confirmed the fact, repeatedly confirmed in the
literature, that there are relationships between the concentration of dissolved organic matter in the
substrate and AD efficiency [91,92]. This is confirmed by the work of Lu et al. (2018) [91], who used
alkaline-ultrasound pretreatment of WAS in AD. Linear Pearson correlations confirmed the
relationship between the absorbed dose and the concentration of dissolved organic matter [91]. Other
studies by the authors concerned the use of ultrasonic disintegration for the pretreatment of acid
whey [92]. The results of the correlation analysis of the duration of the UD with the concentration of
dissolved organic compounds showed strong, statistically significant correlations for all tested
technological variants, which differed in the absorbed dose applied to the substrate. The coefficients
of determination calculated for the correlations UD/COD and UD/TOC reached R2=0.8908 and R? =
0.7851 respectively [92].

In our own investigations, which we carried out in S1, both the increase in the COD and TOC
concentration in the dissolved phase and the degree of solubilisation were strongly positively
correlated with the absorbed dose of HC introduced into the pretreated substrate (Figure 9). The
coefficient of determination R? was 0.9723 for the COD concentration and 0.9824 for the TOC. An
even stronger correlation was found for the relationship between the degree of COD and TOC
dissolution and the absorbed dose of HC introduced. The R? values were 0.9855 and 0.9909

respectively.
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Figure 9. Linear relationships between the absorbed dose of HC introduced into the substrate and the
concentration of organic compounds in the dissolved phase (A) and the degree of COD and TOC
solubilisation achieved (B).
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High values of the coefficient of determination R? were also characteristic for the correlations
between the tested HC variant and the efficiency of biogas and CH4 production and amounted to
0.9109 and 0.9054, respectively (Figure 10A). Strong positive correlations regarding the effect of HC
on the production of gaseous metabolites of anaerobic bacteria had a direct influence on the gross
energy obtained (Figure 10B). In this case, the strong relationship between HC time and gross energy
value was characterised by the R? coefficient of 0.9054. However, no strong relationship was found
between the absorbed energy dose introduced into the substrate and the percentage of CHs in the
biogas (Figure 10A). Therefore, the R? value of the indicator was 0.4056. When investigating the
effects of the HC variants used on the net energy obtained, a weak negative coefficient was found in
the laboratory tests, for which the R? value was 0.3801 (Figure 10B).
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Figure 10. Linear relationships between the absorbed dose of HC introduced into the substrate and
the production of biogas and CH4 (A) and the gross/net energy obtained (B).

Other researchers have also observed relationships between similar parameters. Park et al. (2013)
[73], who used ultrasonic disintegration for the treatment of C. vulgaris biomass, found that
cumulative CHs production showed a strong relationship with ultrasound dose. Ultrasound doses
below 50 J/mL did not improve CHa production. However, at doses higher than 50 J/mL, gas
production was proportional to energy input [73]. In the study by Lu et al. (2018) [91] on the influence
of alkali-ultrasonic-based WAS pretreatment on AD, Pearson's linear correlations confirmed the
relationships between dissolved organic matter and biogas production [91].

In other studies [33], very strong positive correlations were found between COD concentrations
and the amount of biogas and CHs with increasing doses of solidified COz2 in the range of 0.1 to 0.3
used for the conditioning of AGS. The coefficients of determination were R2= 0.8755 and R? = 0.8881,
respectively. Very strong positive correlations were also found between the mass ratio of solidified
CO:2to AGS and the net energy gain, with a coefficient of determination R2 of 0.9643 [33]. In the study
by Zupanc et al. (2023) [66], which aimed to increase CH4 production from WAS as a result of HC
disintegration, Pearson correlations also confirmed positive or negative relationships between
physicochemical changes and CHa production [66]. In the authors' study [92] on the use of ultrasonic
disintegration for the pretreatment of acid whey. Very strong positive correlations were found
between COD and TOC concentrations and CHs4 production efficiency, as shown by the coefficient of
determination R? = 0.9995 and R? = 0.9746, respectively. A strong positive correlation was also
observed between the duration of UD and gross energy gain (R? = 0.8986). However, a negative
correlation was found between the duration of the UD and the increase in net energy with a
coefficient of determination of R2 = 0.6629, although this was not statistically significant [92].

3.2. Stage 2 —Full-Scale Research

In the control variant, in which the agricultural biogas plant was operated without pre-treatment
of the substrate used, the amount of biogas produced was 191+8 L/kgCOD on average. The CH4
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content of the biogas was 61.3+1.8%. Taking into account the value of the OLR used, the biogas plant
produced 11.5+1.2 m¥/day of biogas and 7.0+1.0 m*CHa/day. The net energy production achieved was
64.5+5.9 kWh/day. In the initial variant (V1) for further optimisation, in which the HC time was 10
minutes, a significantly higher unit production of biogas and CH4 was achieved, namely 332+10
L/kgCOD and 211+6 LCHa/kgCOD (63.5+1.7%). With this HC variant, it was not possible to achieve
a positive energy balance, as the net energy quantity was 57.2+3.2 kWh/day on average, which was
below the value achieved in V0. For this reason, the HC time of the tested substrate was shortened to
8 minutes in the next step (V2), which reduced the energy requirement to 46.9 kWh/day. It was found
that shortening the pre-treatment time had no significant effect on AD performance. The specific
biogas yield was 327+8 L/kgCOD with a CH4 content of 62.9+1.9%, producing 6+1.1 m3/day of biogas
and 12.3+1.2 m3CHa/day. In this variant, the net energy obtained was 66.4+2.6 kWh/day, a value that
was 13.9% higher than in V1 and 3.1% higher than in V0. Due to the improvement in the final energy
effect, the HC time of the substrate was again limited to 6 minutes in the next variant (V3). In this
case, the AD efficiency decreased significantly, which had a direct effect on the amount of energy
produced. The biogas yield was 292.2+6 L/kgCOD and the observed CHa4 content was 62.2+2.1%.
During the day, 10.9 m*CHs/day was produced with an energy value of 99.9+3.0 kWh/day. Finally,
the net energy value obtained in this variant was 64.6+3.0 kWh/day, which was 2.5 kWh/day lower
than in V2 and similar to V0. Detailed data on unit biogas production is presented in Figure 11, daily
biogas production is shown in Figure 12. Table 5 presents CH4 production and energy balance of the
agricultural biogas plant.
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Figure 11. Biogas production per unit over the entire operating period of the agricultural biogas plant
(A) and average values (B) in the following S2 variants.
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Figure 12. Daily biogas production over the entire operating period of the agricultural biogas plant
(A) and average values (B) in the following S2 variants.

Table 5. CHs production and energy balance based on the results obtained in S2, realised in an
agricultural biogas plant.
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In other studies [93] on the use of HC as a pretreatment method prior to AD on an industrial
scale, the substrate consisted of cattle manure and wheat straw. The hydrodynamic disintegrator
operated in batch mode. The number of cycles per day was 48 (1 min. loading/10 min. working/1 min.
unloading). The AD was carried out in an agricultural biogas plant. The HC pre-treatment increased
the biogas production from 369 to 430 mL/gVS. However, the CH4 concentration in the biogas, which
was 54.1 %, did not increase significantly compared to the AD without pretreatment, where the CHa
concentration was 52.3 %. The net energy yield was 61.05 kWh/day during disintegration. In contrast,
it was 56.15 kWh/day for the variant without pretreatment [93]. Garuti et al. [63] used HC for the first
time on a large scale in an agricultural biogas plant. The composition of the mixture was quite
different, it was mainly a mixture of 75.5% pig slurry, 22.4% maize silage and 1.8% triticale silage.
The HC pre-treatment improved the AD process and therefore maximised the specific CHa
production (4095+176 LCHs/day) by about 10%. The HC pretreatment affected the viscosity and
particle size of the digestate, which contributed to lower energy requirements for mixing, heating
and pumping. As a result, after the installation of the HC reactor, the organic load factor (OLR) of the
biogas plant was reduced from 3.17 to 2.92 kgVS/m3day, which led to an increase in specific
electricity production from 1.31 to 1.44 kW/kgVS. The average value of electricity consumption for
the operation of the biogas plant was 1789+71 kWh/day. The electricity consumption of the HC
process (20 kW), which is to be expected in continuous operation, was calculated at 480 kWh/day.
Therefore, the total electricity consumption for the operation of the biogas plant after the introduction
of the HC process was estimated at around 2,269 kWh/day. However, after the installation of the HC
reactor, the electricity consumption for the operation of the biogas plant only increased by about 100
kWh/day and reached a measured value of 1889+43 kWh/day. Since the total energy production was
almost constant during the entire test period, the lower electricity consumption was associated with
energy savings in the biogas plant of about 17% [63]. According to Tian et al. (2014) [90], this
difference in energy consumption can be justified by the electricity savings due to better mixing and
pumping as a result of the lower viscosity of the digestate.

4. Conclusions

Laboratory scale tests have shown that the use of HC to pre-treatment an organic substrate based
on a mixture of cattle slurry and wastewater from a milking station significantly increases the
concentration of organic compounds in the dissolved phase. For the most effective variants, an
increase of over 90% in the content of these indicators was observed for both COD and TOC. This
resulted in a degree of solubilization of 49+2.6% for COD and almost 52+4.4% for TOC. Strong
positive correlations were found between the amount of HC energy introduced into the substrate and
the transfer of organic material into the dissolved phase.

The highest technological effect in terms of biogas and methane yield was found in the variant
in which the HC time was 10 minutes. The amount of these gaseous metabolic products of the
fermentation process was 367+14 mL/gCOD and 233+4.1 mLCH4/gCOD. Extending the substrate
residence time in the HC range no longer had a significant effect on the increase in AD efficiency. It
was found that despite a more than 2.5-fold increase in CHs production due to power consumption
in the HC process, the amount of net energy recovered was lower for all pretreatment variants
compared to the control sample.
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The optimisation research was continued in the existing agricultural biogas plant. It turned out
that although the variant selected after the laboratory-scale trials enabled a significant increase in the
efficiency of the AD, it did not produce a positive net energy effect. For this reason, the HC time was
shortened to 8 minutes, which increased the net energy gain by 13.9 % compared to the initial variant
and by 3.1 % compared to the option without pre-treatment.
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