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Abstract: In small German farms, there is a technically usable potential of cattle manure and pig
manure ranging from 153 to 187 million tons of fresh matter per year. Since 2021 and 2023, new
incentives under the Renewable Energy Sources Act (EEG) have been promoting biogas production
in small farms. These incentives, applicable to biogas plants up to 150 kWel, include direct compen-
sations for plants up to 100 kWel and market premiums for those up to 150 kWel. A small biogas
plant made of textile materials was designed for both pilot and full-scale applications. Compared
to conventional concrete biogas reactors, these textile-based reactors offer a simplified construction
and operation, eliminating the need for specialized civil engineering. The primary objective of this
research is to demonstrate the process engineering feasibility of biogas reactors based on textile
materials for small farm biogas plants (30 to 75 kWel). Another goal is to design the construction
method in such a way that this type of system can be built by farmers themselves after type testing
on site. Operational insights were gathered from the laboratory plant with a 300-L digester volume,
using cattle manure and clover grass silage. To adapt the system to the biogas reactor made of textile
materials, the reactor was designed without a stirrer. These insights were considered in the design
and approval procedure of the full-sized demonstration biogas plant made of textile materials. The
full-size demonstration plant digesters underwent an approval procedure from local authorities,
featuring treatment volumes of 120 m for the main biogas reactor and 550 m? for the digestate reactor
in an earth basin style. This new type of biogas plant could be built in small farms for self-sufficiency
in electrical and thermal energy or for treating sewage sludge in small-scale communal wastewater
treatment and biogas plants.

Keywords: small biogas plant; textile materials; pilot-scale biogas plant; real-sized biogas plant;
scaling up; polypropylene (PP); high-density polypropylene (HDPE)

1. Introduction

In recent decades, governments have made efforts to reduce greenhouse gas emissions
and air pollutants. Evidence of this can be seen in the international agreements known as
the UN Sustainable Development Goals [1,2]. These goals have a long history dating back
to the end of the last century. They have formed the foundation for various multilateral
and international agreements, beginning with Agenda 21 in 1992 at the Earth Summit
in Rio de Janeiro and continuing through to the present day [1]. In this context, the
European Commission introduced the National Energy and Climate Plans in 2019, as part
of the Clean Energy for all Europeans package [3]. European countries have set targets
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for achieving greenhouse gas emissions neutrality by the year 2045 [3,4]. Furthermore,
since 2020, the German Renewable Energy Sources Act (EEG) has been promoting the
expansion of renewable energies. Its goal is to transform the energy supply and increase
the proportion of renewable energies in the electricity supply to at least 80% by 2050 [5].
The newest amendments to the EEG, namely the EEG 2020 and EEG 2023, promote biogas
generation based on unused cow and pig manure in small farms [5]. Additionally, recent
geopolitical events in Central Europe have highlighted the significant energy dependencies
of certain countries on others. For instance, Germany’s dependency on gas from other
countries has become apparent. The political and economic consequences have had a
profound impact on energy prices, the energy supply and the country’s politics [6-8].

In Germany, there is a technically usable potential of cattle manure and pig manure
ranging from 153 to 187 million tons of fresh matter per year, equivalent to an energy
amount from 37.8 to 49.1 TWh [9,10]. Over 40% of this potential is located in just 35 districts,
and around two-thirds of this technical potential is currently unused [11]. Additionally,
76% of the cattle farms in Bavaria and 77% of the cattle farms in Thuringia have less than
200 livestock units, so that approximately two-thirds of the technical biogas potential of
these two regions, which is based in cow manure, is located in small farms [12].

The primary objective of this research is to demonstrate the process engineering
feasibility of biogas reactors based on textile materials for small farm biogas plants (30
to 75 kW electrical output). Another goal is to design the construction method in such
a way that this type of system can be built by farmers themselves after type testing on
site. Ensuring the operational safety of the system and protecting water resources will
be achieved by obtaining subsequent approval from relevant authorities or experts, in
accordance with existing environmental protection regulations.

The present paper shows results from a pilot-scale biogas plant prototype and its
operational variables. These results have been taken into account for the design of a full-
sized biogas plant made of textile materials and its building permit for small agricultural
farms. The substrates used in this project consist of agricultural residues from a small farm,
including solid cattle manure from 60 large livestock units, suckler cows and fattening
bulls, along with a smaller proportion of clover grass silage. Due to the farms’ organic
management practices, only locally produced substrates may be used in both the pilot
and the full-sized demonstration plant, which has a designed fermenter volume of approx.
120 m3. Solid manure and clover grass silage present greater challenges as substrates in
biogas plants compared to liquid manure, primarily due to their high content of fiber
and dry matter [13,14]. The suitability of cattle or pig manure should therefore be tested
and evaluated as potential feedstock as part of the experimental operation in the 300 L
pilot-scale biogas plant, which has been developed and studied.

Considering primary energy efficiency, the decentralized cogeneration of electricity
and heat using combined heat and power plants (CHPs) takes precedence over central
gas power plants [4]. The biogas can be stored, and the generated electricity can be on-
demand and integrated into a smart grid interconnected network provided by numerous
small farm biogas plants with CHPs that utilize liquid manure, manure and agricultural
residues [15,16].

Furthermore, there are numerous experiments with plastic biogas reactors used for
educational purposes in laboratory-scale settings [17,18] and for households and small
farms with volumes under 10 m? [19,20] in different countries around Asia, Africa and
South America [20]. The applied plastic materials include fiber-reinforced plastics, soft
plastics and hard plastics [20]. Soft Plastic Digesters include soft polyvinyl chloride (PVC),
red mud, polymethyl methacrylate, low-density polyethylene (LDPE), polyethylene (PE)
and polypropylene (PP). Hard Plastic Digesters are made from hard polyvinyl chloride
(PVC), acrylonitrile butadiene styrene (ABS), polyethylene (PE), polypropylene (PP), high-
density polyethylene (HDPE) and linear low-density polyethylene (LLDPE) [20]. Pilot-
scale biogas plants made from textile materials still need to be investigated as a previous



Sustainability 2024, 16, 3177

30f16

development step to gain experience for a full-sized demonstration biogas reactor, also
made of textile materials, up to 75 kWel.

2. Materials and Methods: Pilot-Scale Biogas Plant and Full-Sized Demonstration Plant

Initially, a 300 L pilot-scale biogas plant was designed, built and operated under real
environmental conditions at Landshut University’s utilities. The substrate utilized was
cattle manure from 60 livestock units available on the premises and clover grass silage
sourced from the cooperative farm on site. The primary objective was to gain practical
experience for the second biogas reactor development phase: the design, construction and
operation of a 120 m3 full-sized demonstration plant at the same location.

The textile materials intended for use in the planned biogas plant should be designed
and manufactured from high-quality, quality-assured plastic films. For instance, there is
a decades-long track record of successfully employing HDPE, high-density polyethylene
materials, as sealing components in the construction of household waste and waste disposal
landfills known as geotextiles. HDPE materials consist in general of medium-density
polyethylene resin, 2.6% carbon black and an antioxidant package [21]. These geotextiles are
employed to prevent the penetration of chemically aggressive leachate into groundwater-
bearing layers [22,23], and there are numerous studies and investigations on the longevity
and durability of HDPE geomembranes applied in civil engineering, predicting long
lifetimes over 70 years in well-maintained landfills with a temperature of 33 °C [24]. Leak
detection systems have also been incorporated into such landfill sealing systems to monitor
the integrity of the construction materials. The applicants therefore agree that such a system
should also be suitable for the construction of containers for biogas plants.

2.1. Pilot-Scale Biogas Plant Overview and Flow Diagram

The pilot biogas plant consists of the typical components found in a biogas plant.
Figure 1 shows a 3D representation with the most important components of the system.
This representation includes the main mechanical components referring to the substrate
pretreatment, supply of the biogas fermenter and digestate storage. The pilot-scale biogas
plant has a unique feature—it is designed without a stirrer, to avoid mechanical friction
and potential damage to the textile material. Instead, there is an exterior circulation loop
driven by an eccentric pump (g), connected by flexible hoses and stainless-steel pipes (d),
which is necessary to install all the components for the heat transfer (e) and the agitation of
the biogas reactor content. The biogas reactor (a) is protected and sustained by a container
(b), which also serves as support for the insulation of the biogas reactor textiles. A gas pipe
(c), installed at the top of the biogas reactors and connected to the digestate storage (f),
collects the biogas produced. The pilot-scale biogas plant also includes a homogenization
and pretreatment unit (i). This unit consists of a stainless-steel vessel connected to the
exterior loop and is equipped with a sand trap (h), a ball valve and a shredder, which is
attached to the pretreatment vessel. The hot water supply is connected to the pipe-in-pipe
heat exchanger (e).

Figure 2 illustrates the flow diagram of the pilot-scale biogas plant with all the system
components, including temperature sensors, gas measurement devices, valves and the
hot water supply. The main loop input and output lines of the pilot-scale biogas plant
are connected to the bottom of the fermenter. The components installed in the main loop,
the eccentric pump and the heat exchanger or the fermenter itself, are equipped with
cutting valves in the output and input lines, for maintenance issues. The main loop is
also connected to the secondary fermentation storage, which is filled by hand, opening
and closing the pertinent ball valves. The hot water flow (red line) into the system is
possible though the installed pipe in the pipe heat exchanger. This hot water circuit is
connected to an electrical boiler in a separated secondary water loop. There is also a tight
gas line connected from the top of the biogas fermenter to the biogas storage and also to
the digestate storage, which also works as additional gas storage. A sample module is
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connected in this line to an analyzer. A detailed description of the components follows in
the subsequent sections.

Figure 1. 3D representation with (a) biogas reactor, (b) biogas reactor container, (c) gas connection
between the biogas reactor and the gas-tight digestate storage, (d) exterior biogas cycle hose, (e)
heat exchanger, (f) gas-tight digestate storage, (g) eccentric pump, (h) sand trap and (i) shredding
pretreatment unit.
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Figure 2. Pilot-scale biogas plant flow diagram.
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Figure 3 shows the pilot-scale plant with the most important components: the biogas
fermenter, the eccentric pump, the pretreatment unit with the blender and the sand filter,
the heat exchanger and the digestate storage, which also acts as the secondary fermenter,
which operates at ambient temperatures. The digestate storage is filled by hand, and its
capacity allows it to be emptied once per year.

Digestate storage

Figure 3. Pilot-scale biogas plant.

2.1.1. Fermenter Made of Textile Materials

The fermenter is constructed of polypropylene textile material. It is open at both the
top and bottom. At the upper opening, which has an inner diameter of approx. 90 cm,
it is securely attached to a cover using a flange system. This cover is connected to a bag
gas hood, and the system’s tightness is ensured by a foam seal made of polypropylene.
The piping connections are located at the bottom of the biogas reactor and are connected
to it through a single flange in a pipe-in-pipe system. The inner connection has a 50 cm
long riser tube to prevent a short-circuit flow. The fermenter consists of a plastic film made
of polypropylene. To protect the film from damage, the fermenter is enclosed within a
barrel that also acts as a structural support for the entire assembly, including the insulation
materials. The barrel is placed within a pallet box filled with Isofloc, a material consist-
ing of cellulose flakes obtained from paper waste, which both supports the reactor and
provides insulation.

2.1.2. Mechanical Pretreatment and Homogenization: Feeding of the Pilot-Sized
Biogas Plant

The substrate is fed into the system and shredded once a day within the pretreatment
and homogenization vessel, along with some liquid reactor content to ensure a sufficient
main dry mass in the system. Due to the presence of lignocellulosic fibers in both the
cow manure and the grass silage, it is necessary to mechanically pretreat the substrate
to facilitate the flow and operation of the biogas plant content [25,26]. The mechanical
pretreatment ensures the cutting and defibration of the solid manure and clover grass silage.
This process has a relatively low energy demand, with a peak load requirement of 1000 W.
Overall, the additional energy gained per mass unit of organic matter is not always high
enough to justify its use for an increased energy yield over methane. Nevertheless, efforts
are underway to adapt mechanical processes for use in biogas plants [25]. In the pilot-sized
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biogas plant, an industrial blender, the Dynamic SMX 800 T, is employed. It is affixed to a
hydrolysis and shredding vessel with a capacity of approximately 40 L.

The solid manure at the site contains several contaminants, including stones that
originate from the ground where the manure is collected. These stones may also be present
in the bedding material, such as the straw used for the cattle. To avoid abrasion and
mechanical problems during the operation of the pilot plant, the pretreatment vessel is also
equipped with a sand trap at the bottom in the feeding line between the pretreatment vessel
and the main circulation loop. It consists of a piece of pipe with an outlet located halfway
along its length at an angle of approximately 45°. The bottom of the pipe section is closed
at the bottom with a lid that can easily be unscrewed. This design allows the stones to sink
vertically, so that they are collected and then removed after the substrate is shredded and
fed into the biogas plant. The shredded and homogenized substrate then flows through
the sand trap into the main circuit. The flow is regulated by the opening or closing of the
installed ball valves and is driven by the eccentric pump of the main circulation loop. An
adequate operation of the ball valve during the feeding ensures the air-tightness of the
system. This equipment requires manual operation. As the biogas plant does not have a
stirrer, the eccentric pump is essential to ensure the necessary agitation in the system to
promote the biogas production and to transport the heating energy into the fermenter.

2.1.3. Piping

The main pipelines are constructed from stainless-steel pipes with a nominal diameter
of DN 50. Additionally, DN 50 flexible, thin plastic hoses have been installed for ease of
removal during maintenance and for visual circuit monitoring. The flaps and T-pieces are
made from stainless steel. To facilitate access in case of solid accumulations in the loop,
the hoses are connected to the pump through easily detachable pipe fittings. The piping
is insulated with a 50 mm layer of rockwool and a special aluminium covering sheet to
protect it from atmospheric conditions.

2.1.4. Digestate Storage

A secondary container with a capacity of 1000 L serves as secondary storage for the
digestate until its application in the field. This container is gas-tight and can therefore
also be used as a gas storage facility. This design contributes to extending the substrate
retention time under ambient temperature. Both the primary digester and the digestate
storage are connected to the biogas storage though a gas pipe.

2.1.5. Heating System, Temperature Control and Regulation

To maintain a constant temperature of 37 °C in the biogas reactor and ensure mesophilic
operation, a hot water supply, a temperature control unit and sensors are essential. These
sensors, in connection with the control unit, regulate the hot water supply and the tem-
perature in the biogas reactor and the external loop. Standard calibrated two-wire PT100
temperature sensors are employed for this purpose and are connected to a Prozeda grandis
650HK control and regulation unit.

Since the laboratory biogas plant cannot be connected to an existing heating infrastruc-
ture, the heat source utilized is an electrical hot water boiler. This boiler has a maximum
temperature of 70 °C and its own control temperature. As a result, the temperature can be
adjusted to maintain the design operational temperature in the biogas reactor for mesophilic
conditions. This requires a hot water supply typically between 50 and 55 °C in winter and
45 °C in summer. The heat is supplied via an additional water loop, and heat transfer occurs
within a double tube heat exchanger provided by FiTeC Umwelttechnik GmbH & Co. KG
(Bernau am Chiemsee, Germany). The control unit receives temperature readings from the
sensors installed in the biogas reactor, as well as in the inlet and outlet lines of the reactor,
the inlet and outlet lines of the heat exchanger and the hot water loop. If the temperature
of the biogas reactor drops below 35 °C, the control unit activates the hot water pump to
supply the heat exchanger with hot water, which is connected to the external biogas reactor
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loop, thus heating the biogas reactor loop. The eccentric pump operates continuously, as it
transfers heat to the biogas reactor, and the content also has to be mixed to allow a good
anaerobic fermentation and to avoid the accumulation of solids in unfavorable places.

2.1.6. Gas Measurement and Analysis

The volume flow is measured using a TG 1/5 drum gas meter from Ritter with a
measuring range of 2-120 L/h and uses water as a pressure barrier. Gas composition
analysis is carried out by a mobile gas measuring device, the Multitec 540 from Sewerin
(Gtitersloh, Germany). This device is equipped with sensors for measuring methane, carbon
dioxide, hydrogen, oxygen and sulfide. Periodic calibration is performed using a test gas
mixture that closely resembles the expected biogas composition. For connecting the mobile
Multitec 540, a permanently mounted connection is available, which includes a gas cooler,
a condensate trap and a particle filter.

2.1.7. Laboratory Measurements

The parameters analyzed for the substrate characterization adhere to the guideline
of the Association of German Engineers (VDI) 4630: Fermentation of organic substances
-Substrate characterization, sampling, substance data collection. Table 1 provides a list of
the measured parameters and the corresponding laboratory equipment.

Table 1. Analyzed chemical parameters in the pilot-scale biogas plant.

Parameter Method Equipment
Drying cabinet at 105 °C until Heratherm OGH60
Dry matter the substrate’s weight is Thermo Fisher Scientific,
constant Waltham, MA, USA
o - Muffle furnace L 9/R,
Volatile substance 24hat 5f5 0°C in muffle Nabertherm, New Castle,
urnace DE, USA
DR3900 Spectrophotometer,
Volatile fatty acids LCK cuvette test, Hach Lange Hach Lange, Loveland,
CO, USA
Chemical oxygen demand LCK cuvette test, Hach Lange DR39OOI‘_S:Ip ectrophotometer,
ach Lange
H. temperature Portable pH measurement, HQ40d Multimeter,
pii, temp Hach Lange Hach Lange
Biogas composition Gas chromatography External laboratory

2.2. Inoculum

The inoculum is a solid suspension containing microorganisms that carry out the
anaerobic degradation processes. In this project, the inoculum is obtained from the digestate
of an agricultural biogas plant where solid manure and energy corn are processed. Different
inoculum samples from the same digestate storage plant show activity and composition
variations, especially in their residual organic acid content. This is due to fluctuations in
the operational management of the biogas plant, the substrates and co-substrates used, and
their seasonal variations.

2.3. Substrate

Cattle manure and clover grass are the two types of substrate available on site. After
harvesting, the clover grass is stored for a minimum of 6 months before it is fed to the
cattle. However, the availability of clover grass silage is limited since it primarily serves
as feed for the cattle on site. Consequently, only the surplus feed can be utilized as a
co-substrate. The most important requirement for EEG remuneration is the proportion of
manure in the total substrate, which must be at least 80%, with a hydraulic retention time
in the gas-tight system of at least 150 days [5]. This retention time is made possible by the
secondary storage reactor, which operates at ambient temperatures, allowing for additional
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fermentation. Since a maximum of 20% co-substrate is permitted without compromising
the intended use as agricultural fertilizer, these mass proportions have been considered for
the experiment.

3. Results from the Pilot-Scale Plant
3.1. Mechanical Pretreatment
3.1.1. Mechanical Pretreatment Duration and Particle Size

To optimize the pretreatment duration and energy input, an experiment was conducted
in the 40 L pretreatment vessel by combining two different substrate loadings, two different
water volumes and two different shredding times. The initial parameters of the experiment
procedures are presented in Table 2.

Table 2. Shredding experiment parameters.

Experiment 1 2 3 4 5 6 7 8

Volume of water [L] 10 20 10 20 10 20 10 20
Substrate [kg] 0.88 0.88 1.75 1.75 0.88 0.88 1.75 1.75
Time [s] 100 100 100 100 140 140 140 140
Energy input [Wh] 27.8 27.8 27.8 27.8 38.9 38.9 38.9 38.9
Specific energy input [Wh/kg] 31.7 31.7 15.9 15.9 444 444 222 222

Figure 4 illustrates that the combination in Test 5 yielded the best results, with
10 L/0.88 kg /140 s, achieving an over 50% reduction in fiber size to under 5 mm, with a
specific energy input of 44.4 Wh/kg substrate. Test 6 showed similar results using 20 L of
water instead of 10 L, and Test 1, with a shredding time of 100 s instead of 140 s, resulted in
a lower specific energy input of 31.7 kWh/kg of substrate. The sieve analysis was carried
out by a sieve shaker AS 200 control from Retsch (Haan, Germany).

100% =
B E N B B EME
\ ‘ \

80% |

\ ‘ |
60%
40%
20%
0%

test 1 test 2 test 3 test 4 test 5 test 6 test 7 test 8

E8mm HE5mm M2mm BImm #3115 pym

Figure 4. Particle size distribution from sieve analysis results. The AS 200 control has 5 sieves with
mesh sizes of 8 mm, 5 mm, 2 mm, 1 mm and 315 um.

The best energy efficiency was achieved in Test 4, which used parameters of
20 L/1.75 kg/100 s and resulted in acceptable shredding, as the particle deflection
was at 5 mm, not at 8 mm. The parameters from Test 4 were chosen to feed the pilot-scale
biogas plant, favoring the efficiency of the process with at least 40% of the particles being
under 5 mm.

3.1.2. Sand and Stones Trap

The straw is sourced from the farm’s soil, which has a gravelly composition. The
stones can cause significant problems, particularly during the dosing of the solid manure
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suspension into the fermenter. The stator of the eccentric screw pump, which is made
of nitrile butadiene rubber, is prone to abrasion, leading to pump failures on several
occasions. The stones are obviously introduced into the feeding line due to the high flow
forces during the crushing process. Figure 5 shows the stones and sand collected over one
month of regular operation. The collected sand and stones made up to 1% of the input
substrate mass.

Figure 5. Sand trap sample during operation.

3.2. Operation of the Pilot-Scale Biogas Plant
3.2.1. Starting the Biogas Operation

During the start-up process in summer, significant pH increases were observed in the
stored solid manure (up to 9.3) due to the high temperatures. This also quickly led to a pH
rise to 8.15 in the fermenter. Analytical data revealed ammonium concentrations of up to
1.3 g/L, leading to an inhibition caused by free ammonia. At a pH of 8.15, approximately
10% of the ammonium is present as free ammonia. While this might not be a concern in
stable biogas plants, during the experiment, it significantly inhibited gas production. The
pH value was too high for rapid hydrolysis and acidification. It was demonstrated that
only solid manure was suitable for the start-up process in its fresh form. After activating
the microorganisms, the substrate dosage initially consisted of solid manure, with a DM
between 17.1% and 21.5% and an oDM from 82% to 84%, and after regular operation, the
manure was combined with clover grass silage as a co-substrate, with a DM of 1.8% and an
oDM of 79.4%.

3.2.2. Biogas Yield and Composition

Figure 6 shows the gas yield during normal operation; it increased continuously and
stabilized around an average of 5 L/h from test day 20. The methane content ranged
between 50 and 55%, as shown in Figure 7. The total amount of gas produced during
regular operation up to test day 58 added up to a gas yield of 4235 L = 533 L/kg OTS
(71.2 m3/t FM).

After two days of normal operation, the biogas was composed of 20.2% of CHy, 23%
of CO,, 4 ppm H;S, 25 ppm CO, 4% O, and 15% N,. This biogas composition varied fast,
and it adjusted after 8 days to 46.4% of CHy, 32% of CO,, 65 ppm H;S, 3 ppm CO, 0% O,
and 0% Nj. From test day 21, the biogas yield was composed of 51.5% of CHy, 43.0% of
CO,. 376 ppm H,S, 1 ppm CO, 1.4% O, and 5.3% N (Figure 7).

The biogas also contained traces of other gases, such as hydrogen sulfide, which
varied greatly. Figure 8 illustrates the concentration of trace gases. The hydrogen sulfide
concentration decreased, particularly when solid manure and co-substrate were added
during normal daily operation. However, when the regular operation was interrupted,
preventing the daily feeding of the biogas plant, no oxygen was introduced into the
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fermenter. As a result, the hydrogen sulfide could not be oxidized, which caused peak
concentrations of hydrogen sulfide.
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Figure 6. Biogas yield and specific biogas yield during normal continuous operation.
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Figure 7. Biogas composition during normal operation. The oxygen was introduced during the
feeding of the system. The feeding operation occurs by opening and closing the installed ball valve of
the pretreatment unit by hand in combination with the eccentric pump suction. If the loading liquid
level in the pretreatment vessel decreases enough, air flows into the system.
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Figure 8. Presence of trace gases during normal operation.

3.2.3. pH, Ammonium and Volatile Fatty Acids

During the normal operation phase, there was an increase in organic acids from
approximately 1500 mg/L to nearly 3000 mg/L. However, as no significant hydrogen peaks
were detected and the pH value did not change significantly, it can be assumed that the
selected load is far from reaching its maximum capacity. Figure 9 shows the analyzed
chemical parameters during normal operation.
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Figure 9. Chemical parameters during continuous operation.

The ammonium concentration decreased from about 1500 mg/L to 1050 mg/L. This
reduction can be attributed to the fact that the ammonium concentration of the inoculum
was higher than in the solid manure, leading to the breakdown of the initial concentration.

3.2.4. Floating Layer

No agitator was used to operate the fermenter. However, the floating layer gradually
became more impermeable to the biogas. During the test, a dense floating layer developed,
restricting the escape of gas. To facilitate the release of gas from the reactor content, it is
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necessary to periodically disrupt and moisten the floating layer with substrate. A thick
floating layer was removed on test day 50.

3.3. Improvements during Operation
Stirrer and Substrate Floating Layer

To minimize the risk of damage and additional components in the textile reactor, the
fermenter was initially constructed without a stirrer. Instead, it was intended to maintain
the substrate circulation solely by the external circulation pump.

However, it turned out that a stirrer is essential for regularly disrupting the floating layer
without the need to open the lid. The requirements for this stirrer included ensuring that
neither the lance nor the temperature sensor, which hangs from the lid in the fermenter, would
be damaged. Consequently, a lifting stirrer was selected. This type of stirrer does not rotate;
instead, it achieves mixing through an up and down movement of a perforated disc.

3.4. Transfer to the Design of the Full-Sized Demonstration Biogas Plant
3.4.1. Stirrer

There are already liquid manure biogas plants that operate without a stirrer, so the
main hydraulic circulation of the textile fermenter was designed to be sufficient for agi-
tating the biogas substrate. As a result of the experience gained from the floating layer in
the pilot-size fermenter, an agitator will be incorporated into the design of the full-scale
demonstration plant.

3.4.2. Pretreatment

The shredding used in the pilot plant cannot be replicated identically in the demon-
stration plant. It is not possible to obtain a motor with explosion protection for the blender.
This precaution is necessary because when solid manure is crushed in fermenter liquid,
the release of methane cannot be prevented and a potential explosion cannot be reliably
ruled out. Therefore, the company Finsterwalder Umwelttechnik GmbH & Co. KG has
developed a process based on high blade speeds with which the explosion protection
requirements can be met.

3.4.3. Institutional Permissions

There are numerous legal requirements to consider during the design and construction
of the on-site biogas demonstration plant [27-29]. To begin with, the construction employs
textile materials, which are not typically used in biogas plant construction. Secondly, these
legal requirements are not solely dependent on the characteristics of the biogas plant and
its substrates but also on its location. In this specific case, the farm where the on-site
demonstration biogas plant will be built is close to the floodplain of the Schweinsbach
Creek, necessitating compliance with particular requirements [30]. The most important
special aspects of this unique case are explained in the following section.

Requirements for Biogas Reactor

To ensure compliance with regulations, the lowest point of the fermenter, specifically
the underside of the insulation, must be situated at least 50 cm above the groundwater
level [30,31]. Furthermore, the use of textile material for the fermenter is a novel application
and not a standard solution. The suitability of the textile material for this application
must be proven through a report issued by an authorized technical expert [30]. If the
textile material already has a National Technical Approval (abZ) or a General Construction
Technique Permit (aBG) for manure soil basins, any deviations from the abZ/aBG must
be meticulously assessed, including the design, the gradient toward the control pipe, the
integration of the extraction pipeline, the protective cover of the fermenter base, the agitator
and more.
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Requirements for Leakage Detection in the Digestate Storage and Piping System

The visual leak detection of the digestate storage can be compromised by rainwater.
To eliminate potential confusion arising from the differing conductivities of water and
digestate, the possibility of employing conductivity measurement is being considered.
The proposed approach involves utilizing a single-walled pipe within a protective tube,
requiring the implementation of leakage detection through an inspection shaft [32].

General Requirements

The approvals for the individual components must conform to the relevant legislation
stipulated by the Bavarian Environment Agency [29]. Safety devices are mandatory for the
transfer of digestate to transport vehicles for distribution. The construction of the biogas
plant must be carried out by a specialist company in accordance with the Ordinance on
Facilities Handling Substances that are Hazardous to Water (AwSV) and subsequently
approved by an expert in compliance with AwSV. The filling point for the digestate must
meet the requirements of the technical rules for water-hazardous substances (TRwS) [32].
A detailed description of the implementation process is also required.

4. Discussion

Small-scale biogas plants constructed from textile materials have proven to be effective
in generating biogas using the available on-site substrates. This innovative construction
approach aimed to enable the easy installation of biogas reactors on site without the need
for concrete structures or specialized civil engineering work. The functionality of this new
concept was successfully demonstrated in the 300 L pilot-size plant. Various components,
such as shredding pretreatment, a stone separator and an exterior circulation loop for
mixing without a stirrer, were incorporated to adapt the substrate to the biogas plant’s
operating conditions. The biogas yield achieved in the laboratory plant was close to the
optimal theoretical biogas yields according to literature data of the Bavarian Agriculture
Institute [10]. However, when upscaling to larger sizes, certain modifications were re-
quired not only to accommodate different product sizes and upscaling but also to meet
the regulatory requirements for biogas plant permits. The decision-making process for
determining the necessary technical requirements was a lengthy and complicated one,
involving local authorities and technicians who needed to approve the system initially. This
process can influence the acceptance of new developments and implementations according
to the current political and energy landscape.

The construction of conventional biogas reactors primarily requires materials such as
concrete, asphalt, steel and brick, which make up approximately 50% of the investment
costs [14]. This conventional construction method contributes to approximately 15% of the
equivalent CO, emissions from conventional biogas reactors, without considering the bene-
fits of applying cogeneration [33]. Presently, small agricultural farms, with livestock units
ranging from 50 to 60 livestock units, are not able to operate biogas plants economically
due to the high investment costs, which range between 5000 EUR and 4000 EUR per kWel
for cow and pig manure biogas reactors between 100 kWel and 1 MWel [14,34]. Textile
biogas reactors should increase the economic viability of biogas plants for small producers
like livestock farms or small towns. This cost reduction will enable these plants to operate
economically.

5. Conclusions

- The operation of a 300 L pilot-size biogas reactor, constructed using textile materials
and utilizing cow manure with silage as a co-substrate, was successfully demonstrated.
The biogas yields and composition were comparable to those of standard biogas plants
constructed with concrete and reinforced steel.

- The pilot-size biogas plant was equipped with a pretreatment unit for shredding,
separating impurities and homogenizing the substrate. The removal of interfering
materials, such as stones or sand, which made up to 1% of the substrate mass input,
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was crucial for the proper operation of the biogas plant. Stones could damage the
plastic sheet. This must be avoided to prevent groundwater pollution.

- To prevent mechanical damage of the plastic sheet, the biogas plant was designed and
constructed without a stirrer. During normal operation, however, a thick floating layer
accumulated, mainly composed of lignocellulosic materials. To ensure proper biogas
production, the periodic disruption of the floating layer and accumulated materials
is essential.

- The process of obtaining institutional permissions for this new product was lengthy,
spanning over two years. Such extended procedures can impact the acceptance of new
developments and implementations within the current political and energy landscape.

- Further investigation is needed for other substrates, as only cattle manure with clover
grass, with a high content of lignocelluloses, was the object of this study. Substrates
with a high proportion of fatty acids and their consequences on the process were
not investigated.

- The investigation of the disruptive materials contained in the substrates is also an
important path to consider, as they can have a significant impact on the materials’
lifetime, maintenance cycles and their consequent economic impact.
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