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Abstract. This paper provides the analysis of results of biogas and
methane yield for: maize silage (MS), pig slurry (PS), waste potatoes (WP)
and sugar beet pulp (SB). The results show that maize silage is the most
energy substrate (among the samples tested), providing a cumulative
methane yield from 595 to 631 m= Mg VS (VS — volatile solids). The
study was carried out in a laboratory scale using anaerobic batch reactors,
at controlled (mesophilic) temperature and pH conditions. This paper is
Part | of a report of an experiment carried out, in the laboratory scale and
in the commercial scale (in parallel) The purpose of the experiment was to
verify differences in biomethane yields of the same materials in the two
scales. Moreover, this paper is an introduction to a presentation of the
method to determine the biochemical methane potential correction
coefficient (BMPCC), the details of which will be explained in Part Il.

1 Introduction

Intensive development of agriculture contributes to increased volumes of organic waste
being generated. Various types of waste matter disposal technology are often based on
anaerobic digestion (AD), which is carried out in biogas plants. To improve the biogas
plants efficiency, a substrate in the form of organically rich vegetable material is added [1].
For this purpose, specific targeted plantations are established, mainly of maize and grass for
silage [2]. The substrates used comprise also animal waste [3] and food-processing waste
[4]. The biogas plants generate biogas which is classified as a renewable source of energy
because it contains methane. The resulting gas, which is an energy carrier, is quite easily
converted to electrical energy and heat.

Therefore, anaerobic digestion is one of the most suitable and advantageous ways to
dispose of organic waste, in addition to being a source of biofuel [5]. The process is
required to be economically viable and run in a stable manner. The main factors affecting
its efficiency, which include the physical and chemical properties of the substrates, pH, and
process temperature, are monitored and analyzed [6].

Presented article is Part | of a report of an experiment carried out, in parallel, in the
laboratory scale and in the commercial scale. Generally, the purpose of the experiment was
to verify differences in biomethane yields of the same materials (maize silage, pig slurry,
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waste potatoes and sugar beet pulp) in the two scales. This paper presents only the
laboratory test results as an introduction to a wider discussion of issues connected with the
reasons why differences were observed between the laboratory and technical process
efficiencies, and with the ability to predict and assess such differences.

2 Materials and methods

Laboratory tests were carried out for a period of 6 months both in the laboratory and the
commercial scale (using the specific biogas plant selected for the purpose). In this article
the laboratory scale methodology was described.

2.1 Materials

The green substrates: maize silage (MS) and waste from agro-food processing: pig slurry
(PS), waste potatoes (WP), sugar beet pulp (SB) were used in the study. The substrate
samples were drawn at monthly intervals, because of changes in their physico-chemical
properties potentially taking place on storage.

2.2 Experimental procedure

The digestion mixture ratios were established in accordance with the VDI 4630 guideline
concerning digestion of organic materials, characterization of substrates, sample taking,
collection of essential data, and digestion tests. Based on the said guideline, the present
authors attempted to keep the total solids content (TS) of the batch at 10% less to guarantee
adequate mass transfers. The C/N ratio of the mixtures was between 10 and 30 and its pH
before digestion was in the range 6.8 - 7.5.

Biogas production rates as well as biogas and methane yield analyses were carried out
in acordance with the German standard DIN 38 414-S8: Bestimmung des Faulverhaltens
(S8) Schlamm und Sedimente (Beuth Verlag GmbH, Berlin 1895). The methane digestion
process was carried out in a multichamber biofermenter. Each substrate and the control
sample were digested in triplicate. Adequate substrate mixtures were placed in 1.4 L
biofermenters with 1.2 L of the feed in each. The material was stirred every 24 hours to
prevent any uncontrollable decay of the organic matter. The inoculum was added in the
absence of oxygen in the digestion chamber, creating the perfect conditions for methane
production.

The biofermenters were equipped with a water jacket connected to a heater to control
the temperature and carry out the process in a desirable temperature range. The test was
carried out in mesophilic temperature conditions (at approx. 39°C). The biogas produced
was transported via tube into tanks filled with a neutral liquid [7]. In accordance with the
VDI 4630 guideline, the experiment was continued for each substrate until the daily biogas
production was below 1% of its total generated amount.

2.3 Analytical methods

2.3.1 Analysis of substrates
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The substrates were analyzed according to Polish standards or procedures: dry mass (total
solids) (drier method PN-EN 12880:2004), organic matter and ash (volatile solids) -
incineration according to PN-EN 12879:2004 and pH (potentiometric method
PN-EN 12176:2004).

2.3.2 Analysis of gas samples

The generated gas volumes were measured every 24 hours. The gas volumes of at least 1 L
were analysed qualitatively, initially once a day, then, as lower volumes were generated,
every three days. The concentrations of methane, carbon dioxide, hydrogen sulphide,
ammonia, and oxygen were measured with a Geotech GA5000 gas analyser. The gas
monitoring system was calibrated once a week by means of calibrating mixtures from Air
Products. The calibrating gas mixtures were used at the following concentrations: 65%
CH4, 35% CO; (in a single mixture) as well as 500 ppm H,S and 100 ppm NHj. The
methodology for calculating the cumulative biogas/methane vyield is described in the
previous articles of present authors [4, 6, 7].

The stability of analytical results obtained in the laboratory was verified using the Shewhart
control charts.

3 Results

3.1 pH measurements

The maize silage which was used for the tests had a pH ranging from 4.21 (1MS) to 4.39
(3MS). These values were reported in the literature [8]. The pig slurry in the tests had a
rather narrow pH range between 7.22 (5PS) and 7.56 (1PS). These values are comparable to
those reported in the literature [9]. Hydrogen ion concentration in the waste potato pulp was
in the range from 7.44 (3WP) to 7.78 (4WP). This is lower than the value 8.07, reported in
the literature for potatoes [10]. The lower pH value is attributed mainly to the fact that the
waste material had rotten a bit before use. The pH of the sugar beet pulp was from 5.01
(1SB) to 5.18 (3SB), which is in conformity with the values reported by other authors [11].

3.2 The values of total solids and volatile solids in the substrates

The value of total solids for the maize silage which was used in the test plants ranged from
32.21% (2MS) to 31.06% (6MS) (see Fig. 1). These values were conformable with the
recommendations by Kukier et al. (2014) [8]. The pig slurry had a total solids content in the
range from 4.32% (2PS) to 5.06% (6PS), which is in conformity with the literature reports
[12]. In the waste potato pulp, the total solids content was in the range from 21.33% (2WP)
to 21.86% (6WP). This range is comparable to the values reported in the literature [10]. For
the sugar beet pulp, the values of total solids ranged from 23.33% (6SB) to 23.88% (1SB),
which is in conformity with the literature data [11].

The substrates, selected for the experiment, being rich in volatile solids are a valuable
feedstock for biogas plants. Their organic content is divided into three essential groups:
carbohydrates, proteins and fats. The test materials were composed mainly of sugars and
proteins. Volatile solids (organic content) for maize silage ranged from 93.88% (6MS) to
95.15% (1MS) (see Fig. 1), which is comparable to the literature data [13]. The pig slurry
had an organic content from 76.88% (2PS) to 81.32% (4PS).
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Fig. 1. Volatile solids of the tested samples: MS, PS, WP and WB

These values were similar to those shown in the literature [14]. The quality of the pig
slurry depends on the breed of animals generating the material, their feed, and degree of
dilution with water [15]. For the waste potato pulp, the value of volatile solids was in the
range from 94.61% (2WP) to 95.92% (6WP). The sugar beet pulp material is advantageous
to the efficiency of anaerobic digestion per unit of digester volume because of its
carbohydrate content. In the analyzed material, the volatile solids was between 93.32%
(4SB) and 94.16% (1SB).

3.3 Biogas production in terms of fresh matter (average values)

The biogas yield of maize silage was 183 + 5 m* Mg?! FM (FM — fresh matter). The
obtained biogas volumes are comparable to the literature data [16]. The biogas yield
obtained from the pig slurry was 20.1 + 3 m® Mg FM. The biogas volume per ton of fresh
matter was low, which results from the low content of total solids in the pig slurry. The
biogas volume obtained from the waste potatoes was 69.2 + 2.1 m* Mg FM. The volume
obtained from fresh matter of sugar beet pulp was 96.4 + 3.2 m* Mg FM. These values are
similar to those reported in the literature [17].

3.4 Biogas production in terms of volatile solids

The biogas yield of maize silage in terms of volatile solids was from 595 (4MS) to 631 m?
Mg? VS (6MS) (see Fig. 2). Between 450 m* Mg VS (6PS) and 582 m* Mg! VS (3PS)
was obtained from the pig slurry. The biogas volume obtained from the waste potatoes was
from 329 m* Mg? VS (3WP) to 342 m®* Mg?! VS (2WP), which is in conformity with the
literature data [11]. The biogas volume of the sugar beet pulp ranged from 425 m* Mg VS
(5SB) to 440 m* Mg* VS (1SB and 2SB) m* Mg* VS. These efficiencies are much lower
than the results presented by reporting, for the sugar beet pulp, a biochemical methane
potential of 504 m* Mg VS [18]. While a higher value, 540 m®* Mg VS, was reported by
Ogrodowczyk et al. (2016) [19].
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Fig. 2. Cumulative biogas yield from Mg of volatile solids for: MS, PS, WP and SB.

3.5 Methane volume concentration in biogas

Another analysis which was required in this research work was to measure the content of
methane in the biogas (Fig. 3). The methane concentration by volume of the biogas
obtained from the maize silage was from 50.4% (3MS) to 52.3% (2MS). The methane
content of the biogas obtained from the pig slurry ranged from 50.8 (2PS) to 52.6% (5PS).
Methane content of the biogas obtained from the waste potatoes was from 50.7% (2WP) to
52.2% (5WP). On the other hand, the values of methane content per unit of biogas volume
obtained from the sugar beet pulp was from 50.2% (1SB) to 52.8% (4SB). Generally, the
obtained concentrations are equivalent to the available data [20].
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Fig. 3. Methane volume concentration in biogas for tested samples.

Based on the laboratory results, a substrate feeding cycle was developed. The substrate
feeding volume was supposed to be suitable for a 1MW, biogas plant.

4 Conclusions

The largest amount of biogas was obtained from maize silage (from 595 to 631 m* Mg
VS) and the lowest from waste potatoes (from 329 to 342 m® Mg VS). The efficiency of
anaerobic digestion is related to the physicochemical and chemical properties of the
materials tested. The results obtained in presented study are comparable with data in
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literature. In the second part of this work, the yields from the laboratory scale with
industrial scale results will be compared.
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