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Abstract: In the context of increased energy demands and finding solutions for energetic autonomy,
the use of waste base materials has increased in recent years in all areas of research. In this context,
waste waters, sludge or slurry, biodegradable materials, second generation effluents, and their
byproducts are some of the key substrates of interest to obtain biogas through AD (anaerobe digestion).
The goal is to utilize these materials as a base for the generation of renewable energy and thereby
make it the main source of energy for households or industries. This paper aims to characterize, from
a physical and chemical point of view, wastewater from Timis county as a base substrate material
in the co-fermentation process with cereal residual biomass. We aimed to determine the energetic
potential of the wastewater and perform preliminary testing at a small and pilot-sized experimental
installation for biogas production with Timis wastewater as the main energy carrier. The novelty
of the paper stems from the use of a patented pilot installation as our experimental approach, as
well as the use of a different comparative scale co-fermentation process for biogas production. The
conclusions will be traced relative to the obtained results, and preliminary solutions will be proposed
for further avenues on this topic.

Keywords: anaerobe digestion; biogas; waste waters; waste biomass; waste sludge; lignocellulose;
energetic potential

1. Introduction

At present, biofuels are a potential solution in terms of possible capitalization for
partially untapped sources of energy in order to partially solve the increasing energy
demand related to demographical necessities and restrictive energy access in different
locations due to various factors. This aspect is related to local and regional resource
availabilities and offers at least a partial solution with regard to energetic autonomy.

In direct regard to the presented topic, biogas represents one of the used energy carriers
that are obtained through anaerobic digestion or anaerobic fermentation, with different
residence times for the tested organic substrates at different temperatures. This process
has four stages: first, hydrolysis; then, acidogenesis, where pH can vary in large domains
depending on the buffer capacity of the chosen substrate; then acetogenesis, where short
chained products transform into acetic acid; and finally, methanogenesis, which has as its
main result the production of methane, carbon dioxide, and parts of hydrogen sulfide [1–4].

Wastewaters represent a possible source of materials suitable for anaerobic digestion.
Due to more frequent energy crises and an increase in global energy costs [5,6], the wastew-
ater treatment sector’s need for sustainability becomes more relevant for all industries [7].
Given that in the last few decades there has been large energy consumption in the sludge
activation process (~1 kWh/m3 which can reach up to 60% of the system energy budget) of
conventional wastewater treatment technologies, there has been an increasing focus on sus-
tainable wastewater treatment concepts designed for instances of low resource availability
(mainly energy) [8,9].
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They usually contain high concentrations of organic compounds and imply extensive
costs in terms of biological treatment and energy consumption [10–14]. Based on typical
biological (BOD) and chemical (COD) oxygen demand concentrations of industrially pro-
cessed wastewaters, between 3 and 6 MJ of heat energy can be recovered from one cubic
meter of wastewater [15].

However, activated sludge can be hazardous in different scenarios because of the con-
taminated waters that enter the treatment plant. Thus, efficient pretreatment (evaporation
and condensation) processes are needed in this context [16].

At the European Union level, through its long-term strategy [17], it is expected that by
2030, biogas will be about 3.7% of the total EU energy budget, or the equivalent of 1.7 EJ. To
achieve this goal, it is expected that two-thirds of total biogas production will be produced
from manure and other organic waste and one-third from energy crops [18].

At present, sustainable and effective waste management in agriculture is possible
through the production of biogas from crop residues and livestock wastes, with biogas
yields depending on the season and storage. The main characteristics of biomass waste
relevant for anaerobic digestion are cellulose, hemicellulose, and C/N content [19]. Despite
these advantages, energy crops have the main disadvantage that they use agricultural
land to the detriment of food and feed crops, thereby leading to significant environmental
impacts [20–22]. Energy crops are rarely used for biogas production, mainly because
of the large availability of agricultural waste byproducts, leading to sustainable biogas
production [23].

The study analyzes the potential to use various agricultural lignocellulosic wastes
in wastewater from beer factories as a substrate for biogas production through anaerobic
digestion. The goal is to support the development of national strategies on the potential
of biogas conversion into the energy market, especially as Romania [18], despite its large
availability of agricultural waste resources, has installed only 13 biogas plants that together
produce only 12 MW.

2. Materials and Methods

After material documentation, all agricultural wastes of barley, wheat, corn, and
rye were oven-dried and passed through a hammer mill for size reduction to <1 mm.
After mechanical processing, representative samples were taken to the laboratory for
further analysis.

In addition, before making the laboratory determinations the biofuels standards and
the user manuals for the equipment were consulted for laboratory analysis. The most
relevant parameters of agricultural waste samples were determined following specific
analytical standards for solid biofuels: moisture content (ISO 1834), ash content (ISO 18122),
calorific value (ISO 14918), total content of carbon, hydrogen, nitrogen, sulfur, and chlorine
(ISO 16948 & 16994), and volatile matter (ISO 18123). The ash melting behavior was
analyzed following CEN/TS 15370 guidance.

Analytical equipment used:

- Solid biomass comminution—FRITSCH P16 mill, Idar-Oberstein, Germany;
- Solid biomass moisture content—Heating Oven, BINDER FD 115, Tuttlinger, Germany;
- Solid biomass volatile matter and ash content—Heating Furnace, Nabertherm

LE14/11/P300, Lilienthal, Germany;
- Solid biomass calorific value—isoperibol oxygen bomb calorimeter, IKA C6000, Staufen,

Germany;
- C, H, N—combustion and thermal conductivity detection, ELEMENTAR Vario MACRO

Cube, Ronkonkoma, NY, USA;
- CO2, CH4—DELTA 1600 S-IV, NDIR analyzer, Neckarsulm, Germany.

As a result of the proximate analysis of substrates (solid and liquid), we determined
the moisture content, volatile content, and ash content. ISO methodology was used for
all analyses, on a dry basis, defined as the mass of the sample remaining after heating the
sample at 105–110 ◦C for 1 h for solid substrates and until only the solid part of the sample
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remained. Through ultimate analysis, we analyzed the carbon, hydrogen, chlorine, nitrogen,
and sulphur in dry substrates randomly sampled. The proximate/ultimate analysis of
substrate characterization was chosen for accuracy, and all analytical methods used were
in accordance with EU/ISO analytical standards [24,25].

Waste calorific values were also determined by direct combustion in a calorimeter
with an oxygen bomb for all substrates (on a dry basis). [26] Low heating values, LHV, that
exclude the latent heat of water vaporization from the sample and high heating values
(that include water vaporization) were determined. Mechanical milling (comminution) was
the only pretreatment method applied for solid agricultural wastes used as substrate (size
under 1 mm for small size reactors and under 5 mm for large scale pilot installation).

The biogas potential production tests were conducted for 35 days in small-scale
reactors (5 L total volume of one reactor) to evaluate the substrate mixture most suitable for
the next step, and the 45 day biogas production tests were conducted in large-scale reactors.
In the small-scale reactors, the content formed by adding 150 g of solid lignocellulosic to 4 L
of waste water was stirred by hand (shaking the reactors) every day. To avoid degradation
of the developed biota, the small reactors were fully tinted black. The biogas produced
was collected for analysis in sampling bags, and the correction of pH (when necessary)
was done through a syringe by the addition of NaOH [27]. One-year-old agricultural solid
wastes (corn, wheat, barley, and rye) were collected in plastic bags from a large-scale farm
in Timis County, Romania.

For the experimental setup, the test rigs presented in Figure 1 (schematics) and Figure 2
(real view) were used.

Figure 1. Schematic of the components of the 5 L volume test rig.

Figure 2. Front image of the test rig for 5 L volume.
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After initial determinations, the materials (75 kg of solid waste added to 2 m3 of waste
water) were tested inside the pilot installation (Figure 3) in order to determine the potential
of producing and the quality and quantity biogas by using this type of material mixture.

Figure 3. Schematic of the 6 m3 (2 × 3 m3) biogas pilot installation.

The mid-size two reactor pilot installation (2 × 3 m3 in volume) was designed and
built to extend the results obtained from testing different mixtures of substrates in a 5 L
test rig onto a larger installation with much higher working volumes, as shown in Figure 3.
The bottles of the small test rig were flushed before and after each test with nitrogen gas,
while the large-scale reactors were flushed with tap water and dried under atmospheric
conditions.

The pilot installation is designed for low energy consumption, with two reactors
(3) mounted in parallel, with the biogas output of one reactor connected to the lower
bottom of the other and vice versa. This was done so that homogenization of suspension
is done through a biogas bubbling system (12) controlled by the reactor’s pressure. The
fermentation reactors are fed with substrate by a pump (2). The anaerobic process is
controlled through the injection of high ammonia (90%) concentrated water from a small
reservoir (4). Before leaving the pilot installation (8) the biogas CO2 and H2S content is
reduced in capture and desorption systems (5, 6). If necessary, the CO2 can be compressed
and stored in bottles (7) through a compressor unit. The substrate temperature is assured
by hot water produced in solar panels and distributed in pipe heaters (11) immersed in the
substrate. The delivery of hot water is controlled by a thermostat. The substrate residue is
discharged (9) from the reactor;s bottom into a storage vessel (10) and prepared for drying,
neutralization, or discharge. Small quantities of biogas can be extracted from reactors and
stored in a vessel (13) where they can be sampled and analyzed.

3. Results and Discussion

Before the AD process there were initial laboratory investigations for the substrates
used. The results are summarized in Table 1.

From a calorific value point of view, it can be determined that the tested materials
present a high energetic potential, while the wastewater has a relatively high calorific
value by correspondence with the usual material tested in the same conditions. Of course,
the ash content is very high for wastewater because of the high mineral and amorphous
components that are found in it.

From a biomass point of view, the obtained data is characteristic for this type of
material, while the high ash content can be translated in the case of wastewater into a very
high carbon content.
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The sulphur and chlorine contents indicate that wastewater solid residue is not suitable
for co-combustion processes because of the high values in those two parameters.

Based on other research conducted [25,28,29], the heating values of different types of
food industry (beverage) wastewaters can be found between 11–25 MJ/kg of volatile matter
on a dry basis, and the amount of carbon content is in direct relation with the calorific
values of substrates. Similar findings were obtained during the present research, both for
brewery factory waste waters and agricultural residues.

Table 1. Elemental composition of analyzed substrates for biogas tests.

Material
Moisture
Content *

[%]

Ash
Content *

[%]

Gross
Calorific
Value *

[J/g]

Net
Calorific
Value *

[%]

Carbon
[%]

Hydrogen
[%]

Nitrogen
[%]

Sulphur *
[%]

Chlorine *
[%]

Volatile
Matter *

[%]

Corn 10 1.55 18,400 16,800 40.3 6.6 1.3 0.103 0.034 85.7

Wheat 9.65 5.55 19,000 17,500 41.1 6.1 2.1 0.149 0.042 78.5

Barley 10.5 2.5 18,600 17,300 40.4 6.1 1.45 0.114 0.104 82.7

Rye 10.2 1.65 18,600 17,300 40.5 6.4 1.5 0.111 0.075 84.5

Waste
water ** 5.8 36 15,000 14,100 32.1 5.1 5.1 0.51 0.11 37.7

* determined on a dry basis. ** Beer factory wastewater treatment plant.

3.1. Small Scale Reactors Biogas Production Tests

The small-scale reactors were described in Figures 1 and 2. The substrates analyzed
were formed from a mixture of beer factory sludge treatment plant wastes and solid
agricultural wastes (corn, wheat, barley, and rye). The substrate mixture ratio was 22:1, for
1.5 kg of wastewater 0.07 kg of solid agricultural waste was added. The results obtained
for four substrates for the anaerobic digestion (no additional inoculum) for receipt tests are
presented in Figure 4.

From Figure 4a, one may observe the fact that the initial values for pH were higher
for rye and barley substrates, which were advantageous because this implied lower pH
correction agent quantities. After about 10–12 days, all of the materials reached the correct
domain for anaerobic fermentation.

From Figure 4b, it can be observed that the methane concentration values are slightly
higher, with a maximum value for rye—about 60%; also, the CO2 production, Figure 4c
shows a similar behavior.

Figure 4. Cont.
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Figure 4. Substrate evolution during biogas production tests in small-scale reactors: (a) pH evolution;
(b) Methane production; (c) Carbon dioxide production; and (d) graphics legend.

For all substrates, it was found that optimal pH values for biogas production from
selected substrate mixtures are approximately 7–7.5 and that pH values below 6.5 will
inhibit the digestion process. Similar optimal pH ranges for biogas digestion can be found
in the literature [30] with optimal pH values between 6.7–7.5. In this study and for these
specific substrate mixtures, we found that the optimal pH value for the highest biogas
production is between 7–7.5.

Table 2 presents the total biogas volumes produced during the small-scale tests.

Table 2. Biogas production in small-scale testing rig.

Corn * Wheat * Rye * Barley *

Biogas [l] 13.8 17.1 27.5 17.6
* with addition of waste water from treatment plant.

Results obtained at small scale testing rigs shows a relatively high potential for biogas
production for rye and barley wastes with wastewater addition, so these two substrates
were chosen for large-scale testing rig experiments.

3.2. Large-Scale Reactors Biogas Production Tests Validation

After testing at a small-scale, substrate mixtures of wastewater and rye and waste
water and barley were selected for experimental production of biogas in large-scale reactors
(3 m3 each).

The large-scale reactors are described in Figure 3. The substrates analyzed were
formed from a mixture of beer factory sludge treatment plant wastes and solid agricultural
wastes (rye and barley). The substrate mixture ratio was 22:1, for 1650 kg of wastewater
75 kg of a solid substrate was added. The anaerobic digestion (no additional inoculum)
results obtained for the two substrate mixtures are presented in Figure 5.

The pH for the two batches (Figure 5a) started atypically, with values over seven
from the first day, because of the initial pH correction, but decreased to appropriate values
by days four to five and remained stable until the end of the process. The initial pH
correction served as a buffer in order for the material to decrease the initial pH with acid
fermentation/CO2 production, which is suitable for cereal materials, and thus, shorten the
time to reach correct pH values and decrease the initial period in order to maximize the
biogas production time.

Methane production (Figure 5b) started from the first days of the process, reaching a
maximum of 78–81% for barley and 74–76% for rye. The materials used in the large-sclae
tests showed even greater potential than the first batch.
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The CO2 values (Figure 5c) decreased accordingly, showing minimum values of under
20%—this aspect is relevant in order to further reduce the concentration of CO2 with other
means and to improve the methane concentration inside the obtained biogas composition

From Table 3, one can observe that the mixture composed of degraded rye and beer
factory wastewater from the treatment plant had the highest biogas production potential.

Figure 5. Substrate evolution during biogas production tests in large-scale reactors: (a) pH evolution;
(b) Methane production; and (c) Carbon dioxide production.

Table 3. Biogas production in the large-scale installation.

Rye * Barley *

Biogas [m3] 29.058 18.097
* with the addition of wastewater from the treatment plant.

4. Conclusions

A study of the anaerobic digestion of agricultural resources was performed at a
mesophilic temperature in batch mode. The results demonstrated that agricultural waste
barley mixed with beer factory wastewater is a highly suited substrate for anaerobic diges-
tion processes because of its high potential for generating biogas with high methane content.

The paper quantitatively presents the production of biogas from four mixtures of
substrates, without additional inoculum: beer factory wastewater mixed with solid agricul-
tural degraded wastes, rye, barley, corn, and wheat. All tests were conducted at optimal
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experimental conditions for anaerobic digestion, temperature in the range of 35–40 ◦C and a
pH in the range of 7–7.5. While all four substrate mixtures showed good biogas production
potential, the waste rye addition to beer factory wastewater produced a much higher CH4
content of biogas at optimal digestion conditions.

In general, the research conducted showed that beer factory wastewater with the
addition of agricultural wastes is a very good feedstock for anaerobic digestion (e.g., for
electricity generation) due to the high quality of biogas produced with approximately 76%
CH4 content.

The research presented, in the form of anaerobic digestion receipts with no additional
inoculums of biogas production from various substrates mixtures based on beer factory
waste water and agricultural degraded wastes, could be of interest to the scientific commu-
nity, not only as an energy saving technology (e.g., in the municipal sector) [31,32] but also
as a source of mitigating greenhouse gas emissions [25]. Our findings can also help develop
local/regional circular economies, which have both environmental and economic benefits.

Author Contributions: Conceptualization and methodology, A.E.C. and F.P.; experimental analysis,
A.E.C., F.P. and T.B.B.; substrates digestion; A.E.C. and T.B.B.; writing—review, all authors; editing,
F.P. All authors have read and agreed to the published version of the manuscript.
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