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Abstract: High precision of measurement of methane potential is important for the economic
operation of biogas plants in the future. The biochemical methane potential (BMP) test based on
the VDI 4630 protocol is the state-of-the-art method to determine the methane potential in Germany.
The coefficient of variation (CV) of methane yield was >10% in several previous inter-laboratory
tests. The aim of this work was to investigate the effects of inoculum and the digestion system on the
measurement variability. Methane yield and methane percentage of five substrates were investigated
in a Hohenheim biogas yield test (D-HBT) by using five inocula, which were used several times in
inter- laboratory tests. The same substrates and inocula were also tested in other digestion systems.
To control the quality of the inocula, the effect of adding trace elements (TE) and the microbial
community was investigated. Adding TE had no influence for the selected, well- supplied inocula
and the community composition depended on the source of the inocula. The CV of the specific
methane yield was <4.8% by using different inocula in one D-HBT (D-HBT1) and <12.8% by using
different digestion systems compared to D-HBT1. Incubation time between 7 and 14 days resulted in
a deviation in CV of <4.8%.

Keywords: biochemical methane potential test; inoculum; methane; biogas; anaerobic digestion;
inter-laboratory test

1. Introduction

Biogas plants in Germany receive a bonus payment for power generation, which is guaranteed
by the German Renewable Energy Source Act (EEG) for a period of 20 years after installation [1].
Many biogas plants will run out of this bonus payment during the next ten years. Thus, biogas plants
have to work more efficiently for economic reasons. The biochemical methane potential (BMP) test is a
common method to determine the maximum theoretical methane yield of a substrate. It has already
been used for several years for dimensioning biogas plants [2]. High accuracy of the BMP test will be
necessary to precisely predict economic viability in the future.

Various protocols are available, all with the aim of achieving a high reproducibility of the BMP test.
Besides the European standards (Angelidaki et al. [3] and Holliger et al. [4]), the VDI Standard 4630 [5]
is the most commonly used protocol. These protocols show the same basic structure: (i) performing
three technical repetitions, (ii) applying prescribed inoculum/substrate ratio (ISR), (iii) measuring
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methane yield of pure inoculum as a blank, and (iv) measuring methane yield of standard substrates as
positive control. In each of the protocols it is pointed out, how important the inoculum, the digestion
system, and the working precision are to achieve a high reproducibility.

Various inter-laboratory tests were conducted to check the accuracy of the BMP by using different
digestion systems, inocula, and protocols. Raposo et al. [2] conducted an inter-laboratory test with
17 laboratories using starch, cellulose, and gelatin as substrates. The results showed a coefficient of
variation (CV) of around 8%-11%. Similar results were reported by a German inter- laboratory test of
KTBL/VDLUFA based on VDI Standard 4630. This test was done with different substrates and around
30 laboratories over several years. The CV excluding outliers was 8%-12% [6]. The impact of repeating
BMP tests over several years was small, it only helped to reduce the number of outliers [7]. The Ecole
Polytechnique Fedeérale de Lausanne carried out inter- laboratory-tests with stricter specifications and
a repetition after a few months [4]. The results without eliminating the outliners revealed a CV of
15%-17% [8]. Cresson et al. [9] investigated differences in the CV when using different BMP measuring
protocols. Free choice of the used protocol was compared to the fix protocol for each laboratory, using
a mineral substrate, NaHCO3 as pH buffer and an ISR > 2. The results showed a deviation of about
20% between the free and the fixed protocol. The measurement variability was not affected by different
measuring protocols. Pham et al. [10] reported similar differences by comparing protocols of VDI
4630 [5] and Sommer et al. [11].

Several studies were carried out to find reasons for deviations in measurement results (Table 1).
Special focus was laid on the effect of the used inoculum. One of the main categorization criteria
was the origin of the inoculum. Vrieze et al. [12] and Regueiro et al. [13] reported differing
microbial community composition for different inocula from full scale biogas plants. Thus, inocula
from different origins might affect the methane yield depending on their microbial community
composition. Li et al. [14] tested sludge from chicken manure and municipal wastewater treatment
plants as inocula using similar substrates. The inoculum from wastewater treatment led to a higher
biodegradability of the inoculum/substrate mixture. Pozdniakova et al. [15] revealed converse behavior,
they detected a higher methane yield for inocula from a municipal solid waste landfill plant compared
to inocula from wastewater treatment and other origins, when using animal by-products as substrate.
Elbeshbishy et al. [16] investigated the methane yields of two different inocula. Higher methane yields
were also achieved with inocula taken from anaerobic digesters. Dechrugsa et al. [17] reported a
significant difference in methane yields by using inocula from two different full-scale biogas plants.
Another impact was reported by Chamy and Ramos [18], where a well-adapted inoculum from
digested turkey manure produced a higher methane yield when using turkey manure as a substrate.
Vrieze et al. [12] measured the methane yield of four substrates using four inocula from different
origins. The effects of inocula on the results depended strongly on the substrates. Koch et al. [19]
reported similar results. A comparison of three inocula from different origins revealed repeatedly
no significant effects in methane yield for three substrates. Only for cellulose—a common substrate
standard—significant effects were observed, leading to the conclusion that the methane production
rate was affected by the used inoculum.
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Table 1. Overview on studies on the effect of different inoculum/substrate combinations on the methane

yield compared by the coefficient of variation (CV) of measurement results.

Inoculum Substrate CV % Reference
Brewery wastewater, animal manure, Molasses. bio-refiner
biological waste, upflow anaerobic 4 Y 3-33* Vrieze et al. [12]
waste, manure, A-sludge
sludge blanket
Wastewater 'treatment plant, sludge Chicken manure, Corn 10-19 Lietal [14]
chicken manure stover
Wastewater treatment plant,
slaughterhouse lagoon, municipal . .
solid waste, upflow anaerobic sludge Animal by products 17 Pozdniakova et al. [15]
blanket
Wastewater tre;r;rint plant, biogas Food waste, wastewater 12-74 Elbeshbishy et al. [16]
Biogas plants Pig manure, para grass 2-128 Dechrugsa et al. [17]
Digestate one ac}apted to tur'key Turkey manure 1-8 Chamy and Ramos [18]
manure, one without adaption
Wastewater treatment plant, biogas Cellulose, food waste, 1-5 * Koch et al. [19]

plant, biowaste plant

maize, sewage sludge

* According to Weinrich [7].

Beside the source of the inoculum, there are more possibilities influencing the methane yield,
such as the incubation time and the trace elements (TE). VDI 4630 [5] prescribes the incubation of the
inoculum to limit the methane production of the blanks. Other studies report no effect of incubation
on their results [12,14]. Angelidaki et al. [3] recommend adding TE and vitamins.

Further effects on BMP were investigated by Stromberg et al. [20]. They examined the influence of
experimental conditions and their correction to standard conditions. The biggest effect was found for
samples with low methane yield, because of the high impact of the size of headspace, which determines
the volume relation between produced biogas and flushing gas. The use of standard temperature
showed a deviation of about 10% compared to results without correction. Also, the ambient pressure
shows an impact on the biogas yield potential. It is shown that the ambient pressure can differ between
63.1 kPa (La Paz) and 103.6 kPa (sea level) [20,21].

The aim of this study was to investigate the effects of different inocula and digestion systems
on the specific methane yield and methane percentage of different substrates using VDI 4630 as a
protocol. Unlike other publications, all investigated inocula were cultivated for several years and have
been used in a national inter-laboratory test in Germany. Five long-term cultivated inocula and five
substrates were tested using equipment and procedure of the standardized Hohenheim biogas yield
test (D-HBT1) in comparison to four other digestion systems. To the best of our knowledge, such an
extensive comparison of inocula and digestion systems has not been performed before.

2. Materials and Methods

2.1. Digestion Systems

Four different digestion systems for performing the standardized BMP test according to VDI4630 [5]
were compared (Table 2 and Figure 1): Hohenheim biogas yield test (D-HBT), Bergedorf fermentation
test (D-BFT), Eudiometer (D-EUD) and an Automatic methane potential test system (D- AMP).
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Table 2. Digestion systems used for biochemical methane potential test: digestion volume, frequency
of agitation and method for determining the gas quality.

Code System Volume L Agitation Gas Quality
D-HBT Hohenheim biogas yield test 0.1 Continuous Infrared
D-BFT Bergedorf fermentation test 1.5 Frequently Infrared
D-EUD Eudiometer 1.5 Continuous Infrared
D-AMP Automatic methane potential test 0.5 Continuous None

D-HBT D-BFT
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' == =
' Water bath NaOH solution Data collecting

Figure 1. Scheme of Hohenheim biogas yield test (D-HBT), Bergedorf fermentation test (D-BFT),
Eudiometer (D-EUD), and Automatic methane potential test (D-AMP). Reproduced with permission
from VDI 4630 [5].

2.1.1. Hohenheim Biogas Yield Test (D-HBT)

D-HBT consisted of 100 mL syringes, which are placed in a continuously rotating drum with
129 places for syringes placed in an incubator [22]. The substrates in the syringes are agitated by the
rotation of the drum at a speed of 1.2 rpm. The volume was measured manually by reading from a scale
on the syringes. The methane percentage was measured by an infrared-spectrometric methane- sensor
(“Advanced Gasmitter”, Pronova Analysetechnik, Berlin, Germany) [23]. The sensor was calibrated
directly before and after each measurement with a calibration gas mixture of 40% CO, and 60% CH,
(G325792, Westfalen AG, Miinster, Germany). The tests were performed in two variants: in dry gas
(D-HBT1) and in wet gas (D-HBT2). For dry gas measurements in D-HBT1 the gas was dried with
an absorbent (SICAPENT®, Merck, Darmstadt, Germany). For the wet gas measurement, the water
content of the gas was considered—by a correction of the gas volume V (mL) according VDI 4360 [5]
Equation (1).
V-(p=pw) To
Vo = oo T )
where V (mL) and p (hPa) are the measured volume and pressure, pyy (hPa) is the water vapor pressure
at operation temperature T (K), and pg (hPa) and Ty (K) the standard pressure and temperature
(1013.3 hPa, 273.15 K).
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2.1.2. Bergedorf Fermentation Test (D-BFT)

The D-BFT reactor had a volume of 1.5 L and was frequently agitated manually. The gas
volume was measured by a tipping cell counter (MilligasCounter, Ritter Apparatebau GmbH, Bochum,
Germany). Gas was collected in a gasbag and gas quality was measured in a combined sample as soon
as 1.5 L of gas was produced. The methane percentage was measured by an infrared sensor (Awite
Bioenergie GmbH, Langenbach, Germany) [24].

2.1.3. Eudiometer (D-EUD)

D-EUD (Neubert Glas GbR, Geschwenda, Germany) had a volume of 1.5 L. The headspace was
flushed with nitrogen gas once a day and agitated continuously by a magnetic stirrer. The gas was
collected in a tube, which was surrounded by a sealing fluid. In this tube the volume could be read by
a scale bar. The gas composition was determined once at the end of the experiment with a land fill gas
monitor (GA2000, Ansyco, Karlsruhe, Germany) [25].

2.1.4. Automatic Methane Potential Test System (D-AMP)

D-AMP (AMPTS 11, Bioprocess Control AB, Lund, Sweden) had a volume of 0.5 L and was agitated
by a mechanical stirrer. The CO, and H;S was stripped by using 3 M NaOH solution and then the
volume of methane was measured by a flow cell. The gas lifted the flow cell, which lowered back
down afterwards. The digital impulse was registered by a computer. Since the volume of biogas in this
digestion system was not measured, the percentage of methane could not be determined either.

2.2. Inocula

Five different inocula were used in this study (Table 3). All inocula were cooled down to 3—4 °C
before being sent to avoid bias due to shipping. The dilutions and degassing were done after shipping.

Table 3. Characterization of inocula from different sources in terms of feedstock, fermentation
temperature (T), hydraulic retention time (HRT), organic loading rate (OLR), and processing.

OLR kgoDM

Code Source Feedstock T°C HRT d 3 a0
m3d

Processing

Maize silage, shredded
I-LRS 400 L reactor wheat, soybean meal, 37 200 0.3 Sieving <5 mm
rapeseed oil, digestate

I-LRD 2500 L Cattle manure, maize 38 19 3.0 Diluting i/w 2:1
reactor silage
LBGP  Biogasplant ~ Cattle manure, maize 37 103 27 Sieving <5 mm
silage
Wastewater Sievine <1
I-WWP7 treatment Wastewater 37 na na 1eV1ng mm
Degassing (7 d)
plant
Wastewater Sieving <1 mm
-WWP14 treatment Wastewater 37 na na g
plant Degassing (14 d)

2.2.1. Inoculum from Laboratory Reactor (I-LRS)

I-LRS was taken from a 400 L laboratory reactor, where bacteria were cultivated continuously.
The inoculum was fed with maize silage, shredded wheat, soybean meal, rapeseed oil, and digestate
from biogas plants in Baden-Wiirttemberg, Germany. The organic loading rate (OLR) in terms of
organic dry matter (0DM) was 0.3 kgopm m~2 d~! and temperature was 37 °C [23]. The hydraulic
retention time (HRT) was 200 + 25 d. Before using the inoculum, it was sieved using a mesh size of
0.5 mm.
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2.2.2. Inoculum Diluted from Laboratory Reactor (I-LRD)

I-LRD was taken from a 2500 L laboratory reactor, which was fed by 80% cattle manure and 20%
of a maize and grass silage mixture. OLR was 3.0 kg,py m™ d !, temperature was 38 + 1 °C and HRT
was 19 d [24]. Before using, the inoculum was diluted with water in an inoculum/water ratio of 2:1 and
stored at 37 °C for 7 d for degassing.

2.2.3. Inoculum from a Biogas Plant (I-BGP)

[-BGP was from a 942 m? biogas plant, fed with maize silage and cattle manure. HRT was 103 d,
the operating temperature was 37 °C and OLR was 2.7 kgopy m~> d~1. Prior to use, the inoculum was
sieved using a mesh size of 5 mm and degassed for 5 d [26].

2.2.4. Inoculum from Wastewater Treatment Plant (I-WWP)

I-WWP was taken from a wastewater treatment plant in northern Germany and sieved at
<1 mm [27]. I-WWP7 was stored afterwards for 7 days and - WWP14 for 14 d, both at 37 °C
for degassing.

Chemical characteristics and TE contents of the tested inocula are shown in
Tables 4 and 5, respectively.

Table 4. Dry matter (DM), organic dry matter (0DM), ash, pH, nitrogen, ammonium (NH4+-N), volatile
fatty acid (VFA) and alkalinity with standard deviation for inoculum from a 400 L laboratory reactor
(I-LRS), a 2.5 m? laboratory reactor (I-LRD), a biogas plant (I-BGP) and a wastewater treatment plant 7
d degassing and 14 d degassing (I-WWP7, [ WWP14).

Ash Nitrogen NH4+-N VFA m Alkalinit
Code DM % oDM % Yornt pH mg kg_ i mg kg 1 kg1 8 - kg_ly
I-LRS 44+00 61.7+0.1 1.7+ 0.0 8.28 4280 + 30 3747 + 22 302 15.8
I-BGP 6.8+00 68.0+02 22+0.0 7.78 4620 + 0 2811 + 60 23 +2 13.5
I-LRD 29+0.1 719+03 08+0.0 8.23 2115+ 5 1472 + 10 31+2 7.1
I-WWP7 26+0.0 575+0.6 1.1+0.0 8.27 3040 + 40 1659 + 19 103 +23 5.0
I-€WWP14 23+03 587+09 1.0+0.1 8.27 3155 + 65 1961 + 18 321 +£2 5.0

Table 5. Trace element (TE) concentration (dry matter base) of inoculum from a 400 L laboratory reactor
(I-LRS), a 2.5 m® diluted from laboratory reactor (I-LRD), a biogas plant (I-BGP) and a wastewater
treatment plant (I-WWP) together with the recommend range according to [28].

Trace Element Concentration, mg kg~ Ipm

Code
Fe Ni Co Mo W Mn Cu Se Zn
I-LRS 3244 15 3 7 2 316 91 1 378
I-BGP 2710 22 3 6 2 386 418 2 362
I-LRD 1131 5 1 10 1 177 98 1 284
I-WWP 92,096 18 5 6 20 220 797 0 643

Reco-mended [28]  750-5000  4-30 0.4-10 0.05-16 0.1-30 100-1500  10-80 0.05-4  30-400

2.3. Substrates

Five substrates with different nutrient compositions were chosen, where hay (S-HAY) and dried
maize silage (S-DMS) represent widely used substrates and triglyceride fodder (S-TGF), concentrated
fodder (5-CON) and microcrystalline cellulose (S-MCC) represent model feedstock with high content
of fat, protein and fiber, respectively (Table 6).
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Table 6. Characterization of the substrates in percentage of dry matter content (DM), ash, fat, protein,
and fiber in percentage of fresh matter.

Code Name of Substrate DM % Ash % Fat % Protein % Fiber %
S-HAY Hay 94.2 5.4 1.0 9.2 31.8
S-DMS Dried maize silage 92.8 4.3 2.3 74 18.7
S-TGF Triglyceride fodder 93.0 10.4 244 19.8 8.5
S-CON Concentrated fodder 92.8 7.1 2.6 18.4 74
S-MCC Microcrystalline cellulose 96.8 <0.3 <0.6 <0.5 59.4

Hay (S-HAY) (marstall Wiesen-Cobs, marstall GmbH, Oberstaufen, Germany) is a mixture of
more than 50 different grass and herb species from the first cut from Allgdu (South Germany) in the
year 2012. S-HAY was dried by hot air, chopped to 16 mm, milled with a laboratory mill (Pulverisette
19, Fritsch GmbH, Markt Einersheim, Germany) and stored at —20 °C.

Maize silage (S-DMS) was taken from Unterer Lindenhof (Eningen unter Achalm, Germany).
S- 5-DMS was dried and milled with the laboratory mill.

Triyglyceride fodder (S-TGF) was provided as a homogenous standard material with well-known
molecular structure (C1gH3OgN) and a known theoretical biogas yield of 609 L kgopym ! [8]. S-TGF
was stored at 4 °C.

Concentrated fodder (5-CON) (Raiffeisen Kraftfutterwerke Siid GmbH, Wiirzburg, Germany)
was milled with the laboratory mill and stored at —20 °C.

Microcrystalline cellulose (S-MCC) (CAS: 9004-34-6, Acros Organics, Pittsburgh, PA, USA) was
used as standard substrate with known biogas yield of 745 L kg~!,py with a methane percentage of
50% [5]. S-MCC had an average particle size of 50 um and was stored at room temperature.

2.4. Measurement Procedure

All BMP tests were performed according to VDI 4630 at ISR > 2 and a temperature of 38 + 0.5 °C.
In all digestion systems, beside D-HBT1 and D-HBT?2, tests were performed in three replicates and
digestion was terminated according to the 0.5% criteria, i.e., when the increase in gas production was
less than 0.5% d~! for three days. In both D-HBT, tests were performed in six replicates. Digestion
time was terminated after 35 d, whereby the 0.5% criterion was met in each test run. Specific methane
yield was calculated for biogas yield and methane percentage that were measured for each test run.
Gas volume was corrected to standard conditions of 101.33 kPa and 0 °C.

Investigated combinations of digestion systems, substrates and inocula are listed in Table 7.
All substrates were tested in all digestion systems. However, the full range of inocula was only tested
in D-HBT1, which was chosen because of the low sample volume (30 mL) required and its high
repeatability. With the other digestion systems only one or two inocula could be tested due to the
limited number of reactors for parallel tests (Table 7). Additionally, trials with supplementation of TE
for all inocula in D-HBT1 on substrate S-DMS were performed by adding a TE solution as described by
Angelidaki et al. [3]. In this test series, blanks for all inocula were also tested.
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Table 7. Investigated digestion system/Inoculum/Substrate-combination.

Digestion Systems

D-HBT1 D-HBT2 D-BFT D-EUD D-AMP

Substrate S-HAY X X X X X
S-CON X X X X X
S-TGF X X X X X
S-MCC X X X X X
S-DMS X X X X X
S-DMS + TE X
Inoculum I-LRS X X
I-BGP X X X
I-LRD X X
I-WWP7 X
I-WWP14 X X

2.5. Taxonomic Profiling and Statistical Analysis

Taxonomic profiles of the microbial community within the analyzed inocula were determined
by 16S RNA amplicon-sequencing. Microbial DNA was extracted with the FastDNA ® SPIN Kit
for Soil (MP Biomedicals, Illkirch-Graffenstaden, France) and cleaned with Genomic DNA Clean &
Concentrator TM Kit (Zymo Research, Irvine, CA, USA). The 165 RDNA gene amplicon-library was
constructed by using the “16S Metagenomic Sequencing Library Preparation” protocol (Illumina,
San Diego, CA, USA) and the primer pairs Pro341F and Pro805R [29]. The sequencing was done on
the Illumina MISeq platform applying the 300x bp paired-end protocol. Afterwards bioinformatics
preprocessing of the sequencing data was done. Forward and reverse reads were merged with
FLASH [30], primer were removed with cutadapt [31], while quality trimming of reads was done with
sickle [32]. Taxonomic classification was done by using the QIIME platform [33] in combination with
the SILVA 16S rDNA reference database (Release 132, 10.04.2018). Taxonomic profiles were presented
as a bar chart for each inoculum. More detailed information is given in Hassa et al. [34].

The statistical analysis of specific methane yield was performed by ANOVA post-hoc Tukey test
at « = 0.05 using Microsoft Excel 2016.

3. Results and Discussion

3.1. Microbial Community Composition

In Figure 2 the composition of the microbial communities of all analyzed inocula before starting the
BMP test are shown. Differences in the microbial composition between the inoculum from wastewater
sludge and the inocula from other origins were observed. The microbiome can be categorized into
bacteria and archaeal populations.
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Figure 2. Microbial community of inoculum from laboratory reactor (I-LRS), laboratory reactor, diluted
(I-LRD), biogas plant (I-BGP), and wastewater treatment plant 7 d and 14 d degassed (I- WWP7,
I-WWP14).

3.1.1. Bacteria

The inocula I-LRS, I-BGP, and I-LRD showed a high abundance of Firmicutes within the bacterial
population. I-LRS had the highest ratio with 49%, followed by I-LRD with 40% and I-BGP with 39%.
Desvaux et al. [35] described the capability of Firmicutes to degrade complex materials like cellulose.
It was also shown, that Firmicutes grow when fed with maize silage [36,37]. Additionally, all inocula
contained a high number of Clostridia. As much as 40.5% of all bacteria in I-LRS were classified as
Clostridia, as well as 33% in I-BGP and I-LRD. The classes Clostridia and Bacilli (phylum Firmicutes)
are able to decompose protein, cellulose, fat, and carbohydrates to acetic, propionic, and butyric
acids [38,39].

However, members of the class Clostridiales are also reported to replace bacteria of the phylum
Bacteroidetes. Most Bacteroidetes are acid producers and are capable of performing acidogenic-,
acetogenic-, and syntrophic acetate oxidation breakdown [40]. A reduction of activity caused by self-
inhibition of produced acid can occur. The high ratio of Bacteroidetes for I-LRS, I-BGP, and I-LRD
(22.5%-29.2%) could reveal a condition without high volatile fatty acid (VFA) as reported from
Alsouleman et al. [40] for increasing the amount of poultry manure on feeding.

Inocula WWP showed a different bacteria composition and a higher diversity. Members of
the phylum Firmicutes (15%-19%) and Bacteroidetes (13%) were less abundant and additionally the
phyla Cloacimonetes (11%-12%), Patescibacteria (5%—6%), Spirochaetes (7%—-9%), Proteobacteria (10%-11%),
Actinobacteria (5%), Chloroflexi (6%—7%) and Thermotogae (3%—4%) were identified. Members of the
phylum Cloacimonetes are responsible for acetogenesis, and the degradation of amino acids, sugars, and
alcohol. A lower abundance of this phylum could result in fewer educts of acetogenesis. The abilities
of the phyla Atescibacteriam and Spirochaetes have not yet been described in the literature [41,42].
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Campanaro et al. [43] showed that some members of the phylum Patescibacteria are more abundant in
wastewater sludge compared to the digestate of agricultural feedstock. Proteobacteria are described
as secondary degraders of polysaccharides [44]. The availability of more complex substrates should
increase their population, which are common in wastewater sludge. The phyla Actinobacteria and
Chloroflexi were previously described as highly abundant in wastewater sludge [41]. Thermotogae are
found in several habitats. They can resist high temperatures and degrade a large diversity of organic
sources [45].

3.1.2. Archaea

Large differences were observed in the ratios of the archaeal part of the microbial community
microbiota. The archaea ratio was 10.4% for -WWP7 and 10.2% for I-WTT14, which was almost
2.5 times higher than the ratio of I-LRD (4.1%) as well as higher than that of I-LRS (6.3%) and I-BGP
(8.3%). De Vierze et al. [17] recommend a high abundance of methanogens for a good performance of
the inocula.

The majority of archaea (93%) were members of the phylum Euryarchaeota. The I-BGP and I-LRD
were dominated by members of the genus Methanosaeta (I-BGP 88% and I-LRD 73%). This reveals
that within both inocula the acetoclastic methanogenesis pathway is favored and that both inocula
seem to have a low VFA and ammonium (NH4+-N) concentration. It was shown, that the genus
Methanosaeta decreases with high VFA and NH4+-N concentration [19,42]. In contrast, the archaeal
community of I-LRS consisted of the genera Methanoculleus (43%) and Methanosarcina (8%). Both
species could also be found in smaller ratios (1%-11%) in all of the other inocula. The high abundance
in I-LRS is probably due to the high NH4+-N concentration within this inoculum (Table 6). Members
of the genera Methanoculleus and Methanosarcina can replace those of to the genus Methanosaeta in
habitats with higher VFA and NH4+-N concentrations. Kougias et al. [46] described the occurrence
of Methanoculleus sp. in many biogas plants with different feedstocks and that this genus uses the
hydrogenotrophic methanogensis pathway. Member of the genus Methanosarcina are described as
stress resistant, hydrogentrophic archaea [38].

In -WWP7 and I-WWP14, the archaeal community composition was similar. Both communities
consisted of 80% Methanomicrobia. The genus of this archaeal class could not be detected.

3.1.3. Effects of Pre-Incubation

Based on the data of inocula -'WWP7 and I-WWP14, it is possible to determine the influence
of pre-incubation on the microbial community composition. The ratio of the phylum Firmicutes was
enhanced after 14 days of pre-incubation. Compared to only 7 days of incubation, the ratio was
3.7% + 0.5% higher. One possible explanation for this is the higher degradation of complex material.
However, the Proteobacteria ratio decreased by 1.4% + 0.3% after 14 days compared to 7 days of
pre- incubation. It was expected, that the higher amount of complex material would increase the
Proteobacteria population. Luo et al. [47] found a similar behavior for the batch test. Additionally, there
was no effect regarding the ratio of the phylum Bacteroidetes, which was expected to be lower when
more complex material was used.

The phyla Cloacimonetes, Patescibacteria, Verrucomicrobia, and Tenericutes showed an increased ratio
when the pre-incubation time was longer. The lower abundance of Cloacimonetes may be a result of
fewer educts of acetogenesis. The functions of Patescibacteriam, Tenericutes, and Verrucomicrobia are not
yet described in the literature [41]. The increase of the phylum Spirochaetes of 2.1% cannot be explained
as its function is not yet known.

The different incubation times did not show any effect on the population of the phylum
Actinobacteria. During incubation, the ratio of the phylum Chloroflexi showed a slow increase (0.9%).
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3.2. Impact on Specific Methane Yield and Methane Percentage

3.2.1. Trace Element Addition

The results of TE supplementation are presented in Table 8. There were no significant differences
in the specific methane yield of blanks and the substrate S-DMS with and without adding TE (CV
between 0%-3%) according to the results of ANOVA post-hoc Tukey test. Values for S-DMS are also in
the range of dried maize silage of Mukengele et al. [48]. In contrast to a recommendation of Angelidaki
et al. [3], the addition of TE was not necessary for the tested inocula. The TE concentration without
adding additionally TE shows already, that inocula I-BGP, I-LRS, and I-LRD were in the optimal
range for biogas plants reported by Oechsner et al. [28] (Table 5). The exception was Cu where the
concentration was higher for all inocula. The inoculum I-WWP had higher concentrations of Fe and Zn
whereas the concentration of Se was lower. To achieve optimal TE concentrations, the use of digestate
is recommended. However, other papers also show a good performance for inoculum from wastewater
treatment plants [13,14]. The values of -WWP7 and [-WWP14 for S-DMS did not show any inhibition
in methane production compared to the other inocula (Table 8).

Table 8. Specific methane yield and methane percentage tested with and without adding trace elements
(TE) to blanks and dry maize silage (5-DMS) using inoculum from laboratory reactor (I-LRS), diluted
from laboratory reactor (I-LRD), biogas plant (I-BGP), wastewater treatment plant 7 d and 14 d degassed
(I-WWP7, I-WWP14). ANOVA post-hoc Tukey test was done for each pair with and without TE.
The letters “?” indicate significant differences.

I-LRS I-BGP I-LRD I-WWP?7 I-WWP14
Specific methane yield, L
kg!
Blank 22 +1° 48 +1° 77 £ 32 66 + 1?2 60 + 32
Blank + TE 20+12 49 + 12 81 + 42 65 +2? 58 + 42
S-DMS 361 + 42 342 + 82 346 + 42 354+ 72 354 +10%
S-DMS + TE 357 £10* 343 +10? 341 £ 92 371 £ 112 349 + 117
Methane percentage, %
Blank 64 + 22 56 + 12 58 + 02 73 +12 78 £12
Blank + TE 68 + 22 56 + 12 59 £ 172 72+ 02 79 +12
S-DMS 52 +12 50 + 12 52 +12 54 +12 54 + 02
S-DMS + TE 52 + 1% 51 £ 1% 51 £ 17 53 + 0° 53 £ 0°

3.2.2. Effect of the Inoculum

Figure 3A shows the specific methane yield for all inoculum/substrate combinations tested in
digestion system D-HBT1. In Figure 3B, inoculum I-LRS is used as a reference and the specific methane
yield of all the other inocula is related to the mean value of I-LRS.

The deviation of the specific methane yield when using different inocula differed for each substrate
as also shown in other publications [17,18]. The CV differed between 1.9% and 4.8%.

Substrate S-HAY is the only substrate that showed no statistical differences for different inocula in
the results.

Substrates S-HAY and S-CON had the lowest CV, both with 2.3% and 1.9%. Both substrates were
homogenous standard substrates, which could be the reason for the small CV.

Substrates S-DMS has two well adapted inocula, namely I-BGP and I-LRD, characterized by a
higher percentage of Firmicutes. However, both produced a significantly lower yield than I-WWP7.
Other studies report that inocula, which have already adapted to the feedstock, produce a higher
methane yield [16,18]. This cannot be confirmed by our data and more research will be needed to
clarify the reasons.
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Figure 3. Specific methane yield (A) and methane percentage (C) of various substrates digested with
different inocula in the digestion system D-HBT1 (error bars indicate standard deviation, different
letters indicate significant differences within substrates at p < 0.05); rel. specific methane yield (B)
and rel. methane percentage (D) of the different inocula compared to inoculum I-LRS (boxplots show
divergence of the average values of the inoculum/substrate-combination); for code of digestion systems,
inocula, and substrates see Tables 2, 3 and 6, respectively.

Results of S-MCC showed statistical differences between I-WWTP and all other inocula, which is
also reflected in the highest CV (4.8%). Koch et al. [18] also reveals the biggest CV for S-MCC (around
5%). Yields achieved with I-LRS and I-BGP were around 370 LCH4 kg_loDM. This value is expected
as it falls within the range of average values between 363 and 371 LCH4 kg™!,py determined by
calculation and inter-laboratory tests [7]. It is also 99% of the theoretical value [5]. Inocula -lWWP7
and I-WWP14 produced more methane, reaching 384 and 393 LCH4 kg ™! ,py, respectively, which is
103-105% of the theoretical value. However, Czepuck et al. [49] also report such a high spec. methane
yield (392 LCH4 kg™! ,py) for substrate S-MCC. One possible reason could be the lack of carbon in
inocula -WWP7 and - WWP14. Adding S-MCC as a source of carbon might improve the C/N-ratio
and lead to a higher degradation of the inoculum.

Values of CV up to 4.8% can be explained by various influences. All the inocula had different
microbial community compositions. This can result in a variance of substrate consumption for microbial
growth [17]. Additionally, a stimulation of inocula by adding a carbon-rich substrate can result in
a higher methane potential of the inoculum than measured in the blanks. An overestimation of the
methane yield is a possible consequence [18].

The methane percentage of the different inocula is presented in Figure 3C. The CV between
the inocula was less than 3.3%. The methane percentage showed an almost similar behavior for
all substrates.

Inocula I-LRS and I-LRD did not show statistically significant differences to each other.

I-BGP was only significantly higher than I-LRS and I-LRD for substrate S-TGF (1.2%cp4 below
average) and S-HAY (0.6%cp4 above average), but in every case lower than for -ZWWP7 and I-WWP14.

Inocula I'WWP7 and I-'WWP14 had the highest methane percentage, as shown in Figure 3D.
A statistically significant difference between I-WWP7 and I-WWP14 was only reported for S-HAY.
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For all other substrates -WWP7 and I-WWP14 performed similarly. Thus, in case of [WWP7 and
I-WWP14, a dependency of the methane percentage on inoculum was shown. One possible reason
for this can be the larger diversity of bacteria and a higher abundance of archaea, which results in a
shorter hydrolysis time with a low methane percentage at the beginning.

3.2.3. Effect of the Degassing

The effect of degassing on specific methane yield and methane percentage can be seen by the
differences between inocula -WWP7 and - WWDP14 (Figure 3). -lWWP7 and I-WWP14 were statistically
significantly different for all substrates except S-MCC. -lWWP7 had a 7 to 15 Lcps kg_lopM higher
methane yield (CV 0.3%—4.8%) compare to -WWP14. These results differ from literature, where no
effect of the degassing time was shown [12,14]. One reason might be that within -WWP7 a smaller
amount of substrate was used for the growth of the microorganisms, because of higher activity of
microbiological populations by shorter degassing time. A longer degassing time resulted in a higher
abundance of members of the phylum Firmicutes, which degrade complex material. This resulted in
a higher methane yield of substrates with high fiber content like S-MCC and S-HAY. The German
protocol VDI 4630 recommends pre-incubation for at least seven days. Based on our results a longer
pre-incubation time should be recommended.

3.2.4. Effects of the Digestion System

The inoculum I-LRD was tested in digestion system D-HBT1 and D-BFT (Figure 4). The CV for the
digestion systems differed for the specific methane yield between 1.3% and 6.6% and for the methane
percentage between 0.0% and 2.9%.
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Figure 4. Specific methane yield (A) and methane percentage (C) of various substrates digested with
inoculum I-LRD in the digestion systems D-HBT1 and D-BFT (error bars indicate standard deviation,
different letters indicate significant differences within substrates at p < 0.05); rel. specific methane yield
(B) and rel. methane percentage (D) of the different inocula compared to digestion system D- HBT1
(boxplots show divergence of the average values of the digestion system/substrate- combination); for
code of digestion systems, inocula and substrates see Tables 2, 3 and 6, respectively.
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However, differences between D-HBT1 and D-BFT were only significant for substrates S-TGF and
S-MCC. By using I-LRD in D-BFT, the methane yield of S-MCC is 101% of the theoretical methane yield.

The inocula I-BGP was used in three different digestion systems (D-HBT1, D-AMP, and D-EUD)
(Figure 5). The CV for the specific methane yield was between 2.4% and 12.8% and for the methane
percentage between 1.7% and 7.3%.
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Figure 5. Specific methane yield (A) and methane percentage (C) of various substrates digested with
inoculum I-BGP in the digestion systems D-HBT1, D-AMP, and D-EUD (A) respectively D-HBT1 and
D-EUD (B) (error bars indicate standard deviation, different letters indicate significant differences within
substrates at p < 0.05); rel. specific methane yield (B) and rel. methane percentage (D) of the different
inocula compared to digestion system D-HBT1 (boxplots show divergence of the average values of the
digestion system/substrate-combination); for code of digestion systems, inocula, and substrates see
Tables 2, 3 and 6, respectively.

The specific methane yields of the digestion systems were significantly different for all substrates
beside S-HAY Figure 5A.

The digestion system D-EUD showed in most cases the lowest methane yield (e.g., for SSMCC
only 90% of the theoretical value). This could be explained by the fact that D-EUD has long pipes and
could therefore be vulnerable to gas leaks.

D-AMP showed a higher methane yield than D-HBT1 and D-EUD for most substrates. The D-AMP
measures automatically and consequently avoids manual mistakes. Another reason for random
differences could be, that the D-EUD and D-AMP have a headspace, which can result in a deviation of
up to 15% to 25% as described in Stromberg et al. [20].

The methane percentage could only be presented for D-HBT1 and D-EUD because it is not possible
to measure the methane percentage in D-AMP Figure 5C.

D-HBT1 and D-EUD showed statistically significant differences for all substrates, even when the
difference was small.
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3.2.5. Effects of the Way in Which Water Vapor Is Taken into Account

Although the digestion system is the same, D-HBT1 showed for most of the substrates a lower
methane yield and also a lower methane percentage Figure 6. The differences are because of the
way in which water vapor was taken into account by the two laboratories. In D-HBT1 the methane
content was measured in dried gas and in D-HBT2 it was measured in wet gas and mathematically
corrected according to VDI 4630. It seems that these differences in the measurement procedure and
calculation affect the results. A cooling down of the syringes and condensation of water before gas
analysis might lead to an overestimation of the methane percentage. Stromberg et al. [20] also reported
measurement errors in this respect of up to 10%. Therefore, the drying of the gas is preferable to a
mathematical correction.
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Figure 6. Specific methane yield (A) and methane percentage (C) of various substrates digested with
inocula I-LRS and I-'WWP14 in the digestion system D-HBT1 and D-HBT?2 (error bars indicate standard
deviation, different letters indicate significant differences within substrates and same used inocula at
p <0.05, lower case letters for I-LRS and capital letters for -WWP14); rel. specific methane yield (B)
and rel. methane percentage (D) of the different inocula compared to inoculum I-LRS (boxplots show
divergence of the average values of the digestion system/substrate/inoculum- combination); for code of
digestion system, inocula and substrates see Tables 2, 3 and 6, respectively.

4. Conclusions

Several bio-chemical parameters determine the performance of the used inocula in biomethane
potential tests. The microbial community composition strongly depends on the origin of the inoculum.
The inoculum from a wastewater treatment plant showed a high diversity of the microbial community,
which was completely different to the community composition of inocula from biogas plants and
laboratory reactors. The adding of trace elements to well supplied inocula did not affect the results.
An impact of different incubation times (7 and 14 d) to a coefficient of variation of up of 4.8% was
measured. The coefficient of variation for the specific methane yield was up to 4.8% for different inocula
using the same digestion system. The coefficient of variation for the impact of the used digestion
systems was maximum 12.8%. The digestion systems showed a higher effect, but the deviation strongly
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depends on the substrate. A clear effect of the digestion system cannot be identified due to missing data
of one inocula in all the digestion systems. This point needs further research. The way in which water
vapor is taken into account seems to be important and the drying of the gas is preferable compared to
a mathematical correction.
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