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Part 1
Biomass, Liquid Biofuels and Biochar



Analysis of the Possibilities of Using M)
a Hybrid Heating System in the Process e
of Anaerobic Biomass Decomposition

in Mesophilic Conditions

Mariusz Adamski, Marcin Herkowiak, Natalia Mioduszewska,
Ewa Osuch, Andrzej Osuch, Gniewko Niedbala,
Magdalena Piekutowska and Przemystaw Przygodzinski

Abstract The subject of the work concerns the design of a hybrid solar system to
maintain mesophilic conditions in the process of anaerobic biomass decomposition.
The main purpose of the work was to design a hybrid heating installation for a biomass
utilizer. It was assumed to simulate the use of three energy sources: photovoltaic
panels, solar collector and heat from biogas combustion. It was assumed that the
results of the analysis will be supported by evaluation of biogas yield for substrates
containing food and feed ingredients. The quasi-continuous and periodic operation of
the rendering chamber was tested in relation to the energy demand for maintaining the
mesophilic conditions in the fermentation process. As a result of the objective of the
work, biogas productivity tests of the selected substrate mixture were carried out.
A general design of the utilization plant (microbiogas plant) was also carried out,
including thermal insulation and the design of the heating system. In order to deter-
mine the heat losses of the digester, the methodology based on the heat transfer
coefficient by individual partitions was used. The level of biogas production was
determined using a test stand complying with the requirements of DIN 38 414 S.8. On
the basis of the volume of biogas production, thermal deficiencies resulting from its
combustion were determined. Biogas deficiencies constituted more than 30% in the
worst computing conditions for the periodic system and about 6% for the
quasi-continuous system. The designed heating installation, which uses additional
solar energy, will allow, in the case of a periodic system, to cover 100% of the summer
heat demand. In winter, the coverage of heat demand was around 90% for average
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monthly temperatures in December and January and 80% for the worst computing
conditions. Identified energy shortages can be limited by optimizing the control of the
biological process and optimizing the parameters of thermally insulating layers.

Keywords Methane fermentation - Waste processing - Container utilizer -
Hybrid heating system

1 Introduction

Biomass can be characterized as waste generated as a result of agricultural and
forestry activities, as well as substances originating from industrial activity, con-
stituting a link in the processing of biodegradable waste from other sources [1]. The
solution that affects the reduction of energy needs of the utilization process is the
use of various renewable energy sources, including adequately cooperating tech-
nical devices that create the so-called hybrid systems.

The biomass consists mainly of carbon, oxygen and hydrogen, and arises due to
the ability of plant organisms to accumulate solar energy as a result of their bio-
chemical photosynthesis process. The photosynthesis process leads to the production
of carbohydrates from carbon dioxide and water under the influence of solar radi-
ation. Biomass is therefore an organic mass that is part of plants and animals [2].

Biomase can be utilized in the following processes: aerobic stabilization,
anaerobic stabilization, thermal decomposition and storage.

Methane fermentation is the biochemical process under the influence of anaer-
obic microorganisms (fermentation bacteria), during which organic substances with
a multimolecular structure (carbohydrates, proteins and fats) are reduced to simple
chemical compounds: methane, alcohols, carbon dioxide and water [3-6].

Substrates with high moisture content and crude fiber, polysaccharides such as
cellulose and hemicellulose, and monomers like lignin are difficult to digest for
anaerobic bacteria. For processes that improve the enzymatic hydrolysis may
include alcaline leaching or alcaline pretreatment [7, 8].

Competent methane fermentation process can be divided into four stages:
hydrolysis, acidogenesis, acetogenesis and methanogenesis [9].

So far, the fermentation process is associated with the scale of the process, which
defines the profitability of the investment. Micro biogas installations (micro biogas
plants) characterize the barrier of non-mobile installations. This fact results from
each preparation of the installation for a known amount of waste subjected to the
process of development.

The aim of the work was to analyze the possibilities of using a hybrid heating
system that uses biogas energy and solar energy to sustain the process of waste
biomass decomposition in mesophilic conditions on a micro scale. For the real-
ization of the work was performed the following range of activities:
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— implementation of a functional waste biomass utilization project and determi-
nation of the system’s efficiency (scale),

— selection of waste substrates,

— testing of biogas yield of organic waste mix,

— indication of thermal losses and energy efficiency of the container system,

— energy balance—indication of energy shortages of the hybrid heating system.

2 Materials and Methods

The quasi-continuous mode will most closely approximate the system of the
chamber stabilizing organic waste to the function of a biogas plant. The periodic
mode is similar to composting technologies. In the periodic mode, the waste is
decomposed with the separation of biogas, however, the energy needs of the system
should prevail over energy self-sufficiency [10, 11].

Fermentation modes (periodic and quasi-continuous) require mixing of fer-
menting substrates. Among the main available mixing methods (mechanical,
hydraulic, pneumatic, hybrid), mechanical mixing was selected. Mechanical mix-
ing, most often carried out by helical stirrers (propellers), is the most prevalent
among biogas installations [12, 13].

Methane Fermentation. Biogas efficiency tests (biogas productivity) were car-
ried out in accordance with DIN 38 414-S8 in a multi-chamber fermenter (Fig. 1.).
The capacity of a single fermentation chamber is 1000 ml. The produced biogas is
stored in eudiometer tanks. The capacity of each biogas tank is 1200 ml according
to KTBL-Heft-84 2009.

Fig. 1 Research stand for the study of biogas productivity of substrates according to DIN 38414
S.8 (left), inoculum station for quasi continuous fermentation work (right) Source own work



6 M. Adamski et al.

Measurement of methane, carbon dioxide, hydrogen sulphide, oxygen, ammo-
nia, nitric oxide and nitrogen dioxide concentrations was performed with the tester
of concentration of constituent gases in biogas, Alter Bio MSMR 16.

For the preparation of inoculum was used methanogenic thermostated biostat
with a capacity of 1650 ml.

The fermentation test stand has been equipped with a thermostated tank that
maintains the assumed thermal parameters (35 °C) of the process in the fermen-
tation chambers. Biogas storage tanks are equipped with valves and connectors.
This enables the removal of stored biogas and the transfer to the analyzer, Alter
Bio MSMR 16 according to norm DIN 38414 S.8. The measurements of the
concentration of constituent gases and the volume of produced biogas were carried
out at 24-h intervals. Mixtures with an identical substrate composition were in each
case in three fermenters to confirm the validity of the results.

To measure the concentrations of constituent gases of biogas has been used
measuring heads, MG-72 and MG-73, with a measuring range of 0-100% by
volume and the measurement resolution of the order 0,1 ppm to 1% by volume.

Based on laboratory tests and analysis of the literature [14, 15] indicated the
critical factors which characterize the methane fermentation process. Factors that
can have a significant impact on the biogas production process are primarily: the
dry substance content, organic matter content, sample mass, reaction speed, per-
centage of individual components in the fermenting mix, and time of the experi-
ment. The following standards were used: PN-74/C-04540/00, PN-75/C-04616/01 -
04, PN-90 C-04540/01, PN-75/C-04616/04.

Visualization of the Digester and Hydraulic and Electric Scheme. In order to
visualize the components of the digester used AutoCAD 2017 and AutoCAD Plant
3D 2017. The components of the container utilizer have been included in the
determination of its thermal parameters. CAD programs have also been used for
creating the hydraulic and electric diagrams.

Methodological Guidelines for Determining the Thermal Parameters of a
Container Utilizer. To calculate the heat losses, the following factors were used:
heat transfer coefficient through structural partitions, material constants and indi-
cators concerning construction materials of the digester, indicators of insulating
materials and external housing of the designed container system. The values of
thermal parameters were obtained from the technical guide [16]. The work uses
selected principles for calculating the design heat load in accordance with PN-EN
12831. The calculation methods used relate to the heat transfer coefficient of the
partitions. The ambient temperature range typical for the temperate zone of
Central-Eastern Europe was used in the calculations.

Methodology of Selecting Elements of a Hybrid Installation. The calculations related
to the selection of individual components of the hydraulic system and the appropriate
safeguards were used: information from the Office of Technical Inspection along with
the methods developed by Immergas [17] and thematic publications [18-21].

In the case of a photovoltaic installation, in order to select individual system
components and to optimize system operation, the calculations were carried out
according to published guidelines for the design of photovoltaic installations [22, 23].
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3

Results

To analyze the hybrid heating system of the digester, the following assumptions

regarding the utilizer were specified:

Table 1 The composition of

the size of the fermentation chamber 9.5 m3,
cylindrical shape of the fermentation chamber,

use of thermal insulation materials,

building the fermentation chamber with a container of typical dimensions.

In order to determine the biogas productivity, and thus the possibility of pro-
ducing heat from biogas combustion, the following assumptions were made:

fermentation substrate composed of organic agri-food waste,
mesophilic conditions of the methane fermentation process,

operation of the system in a periodic filling system (waste biomass utilization)
and quasi-continuous (microbiogas plant),

work in a one-stage system.

’ : No. Type of substrate Mass share [%]
the fermentation mixture
1 Roman salad 8.16
2 Tomato 7.71
3 Cucumber 6.93
4 Carrot 11.47
5 Parsley root 1.98
6 Parsley 2.63
7 Leek 4.23
8 Celery 4.17
9 Onion 4.12
10 Potato 4.35
11 Pear 8.00
12 Apple 8.50
13 Plum 1.37
14 Peach 5.88
15 Banana 5.93
16 Rancid butter 0.45
17 Cream cheese 4.45
18 Sausage 1.98
19 Cat food 4.45
20 Bread roll 2.53
21 Biscuits 0.71
Total %: 100.00
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Table 2 Output parameters of the M4 substrate mix

Mass (g) |Part (%) |DM (%) |DM(g) |ODM (%) |ODM (g)
Cattle slurry 350.800 62.553 1.487 6.705 98.513 6.606
Inoculation 100.000 17.832

Substrates mix. 110.000 19.615 15.403 16.943 94.025 15.931
Mixture M4 560.800 100.000 4.217 23.649 95.297 22.536

Table 3 Output parameters of the M10 reference substrate mix

Mass [g] Part [%] DM [%] DM [g] ODM [%] ODM |[g]
Cattle slurry 351.400 77.812 1.487 6.717 98.513 6.617
Inoculation 100.200 22.188
Mixture M10 451.600 100.00 1.487 6.717 98.513 6.617

The cumulative yield of biogas m*Mg * fresh matter
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Fig. 2 The cumulative yield of biogas [m*Mg " fresh matter]

Waste Substrates Biogas Yield. In order to determine the heat demand of con-
tainer micro-installations, in the first stage, tests of the biogas yield of the substrate
mixture were carried out. The composition of the mixture is presented in Table 1.
The research allowed to determine the level of energy self-sufficiency of the
installation.

The subject of the research was a mixture of solid and liquid substrates, sub-
jected to anaerobic decomposition. A waste test mix (M4) (Table 2) and a reference
sample (M10) (Table 3) were prepared.

The M4 mixture was compiled as a combination of microbial inoculation,
bovine manure and tested waste substrates. The reference sample (M10) was
compiled as a combination of bovine slurry and microbial inoculation. As a result
of the tests carried out on samples M4 and M10, biogas productivity levels were
determined: daily, cumulative (Fig. 2) and methane concentrations in the produced
biogas were indicated.

The results of biogas productivity tests of samples M4 and M10 are presented in
tabular form (Table 4).
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Table 4 Results of biogas productivity tests of samples M4 and M10

Sample The test parameter Unit of measure Result
M4 Average methane concentration in biogas % viIv 53
M10 Average methane concentration in biogas % viIv 47
M4 Average daily yield of biogas m>Mg ! fresh mass 0.48
M10 Average daily yield of biogas In3'Mg_l fresh mass 0.24
M4 Maximum daily productivity of biogas m*Mg " fresh mass 1.13
M10 Maximum daily productivity of biogas m>Mg ' fresh mass 0.99
M4 Cumulative yield of biogas m>Mg ! fresh mass 13.04
M10 Cumulative yield of biogas m>Mg ! fresh mass 6.58
Temporary biogas efficiency m*>Mg  fresh matter
1,20 113
®
n 0,99
1,00 . ® 093
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Fig. 3 Average daily biogas productivity for the periodic and quasi-continuous system

Thermal losses and energy efficiency. The obtained data from laboratory tests
were used to determine the energy possibilities of a container biogas plant. In the
created energy balance, the biogas productivity was compared with the needs of the
chamber heating system and energy losses through conduction.

The total heat loss was calculated on the basis of heat transfer coefficients by
individual walls of the container installation and structural elements of the digester.
The design external temperature was adopted according to the II climate zone. It is
used in calculating heat load of buildings in accordance with PN-EN 12831.

Thermal properties of individual construction materials were adopted according
to material tables. The internal temperature was 45 °C (water jacket temperature) or
38 °C for the bottoms of the fermentation chamber (no heating jacket).

Calculations of heat loss streams were made, depending on the heat transfer
coefficient, barrier surface and temperature difference on both sides of the barrier.
The total design heat loss (QT) was calculated by summing the heat losses through
individual container walls (Q1 to Q6) in accordance with the formula 1.

Or=01+02+ 03+ 04+ 05+ 0 (1)

The total design heat loss (QT) after adding losses of all barriers amounted to
1075.65 W.
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According to the calculations, the power of the heating device should be
equivalent or higher than the sum of the heat loss through the barriers (barriers).
Figure 3 presents a graphic description of biogas productivity, depending on the
selected system of work.

The utilization system (periodic fermentation chamber filling system) and the
microbiological system operating mode (quasi-continuous fermentation chamber
filling system) were considered.

The average daily biogas productivity (ABP) for the periodic system (PS) was
calculated based on the total biogas productivity related to the hydraulic retention
time (HRT = 27 days) (ABP-PS = 0.48 m>-Mg 'fresh matter).

The average daily biogas productivity (ABP) for a quasi-continuous system
(QCS) was obtained on the basis of average productivity for the period of optimal
biogas production (ABP-QCS = 0.68 m’-Mg ™ 'fresh matter).

Based on the results of biogas productivity calculated for the periodic and
quasi-continuous system (Fig. 3), the heating power obtained from biogas com-
bustion was determined. The calculations (for periodic fermentation) were based
on: dependence of heat obtained from biogas combustion (QU), hourly biogas
productivity (WHU) and the average calorific value of biogas (WB) and efficiency
of a gas boiler (n) burning biogas (formula 2).

n
= Wy - W - (_> 2
Qu # - We (100 (2)
The calculations (for a quasi-continuous system) indicated the dependence of
heat obtained from biogas combustion (QM), hourly biogas productivity
(WHM) and the average calorific value of biogas WB and the efficiency of a gas
boiler (n) burning biogas (formula 3).

Om = Way - Wg - (%) 3)

Table 5 Production of biogas heat for periodic fermentation

Parameter Symbol | Value |Unit of measure

The efficiency of a gas boiler and internal n 96 %

installation

Average calorific value of biogas Ws 17 MJm™?

Cumulative productivity of biogas WeaL 13.04 | m*Mg "fresh matter
The duration of the process t 27 days

Average daily productivity of biogas Wo 0.48 m>-Mg ™" fresh matter
The fermenting mass m 7.85 t

Daily biogas yield of the utilizer Wby 379  |m*d’!

Hourly biogas yield of the utilizer Whu 0.16 m>h!

Heat from biogas combustion Qu 2.58 MJ

Heating power from the combustion of biogas Puwm | 716.19 |W
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Table 6 Production of biogas heat for quasi-continuous fermentation

Parameter Symbol | Value Unit of measure

The efficiency of a gas boiler and internal n 96 %

installation

Average calorific value of biogas Wz 17 MJm?

Average daily productivity of biogas Wac 0.68 m® Mg~ fresh matter
The fermenting mass M 7.85 t

Daily biogas efficiency of micro biogas plants | Wpy, 5.34 m*d!

Hourly biogas efficiency of micro biogas plants | Wy 0.22 m>h!

Heat from biogas combustion Qum 3.63 MJ

Heating power from the combustion of biogas | Pywm 1008.38 |W

Calculations showed (Table 5) that the periodic fermentation system will not be
able to cover the total heat requirement (716.19 W).

The quasi-continuous fermentation system is characterized by a higher heat
production (Table 6), which means that such a system can be regarded as
self-sufficient in terms of energy (1008.38 W). The calculations were made for the
fermentation chamber fill factor of 82%.

The installation space on the side wall of the container (determined effective side
surface of a 20-foot container 15.6 m?) was used and the photovoltaic installation
and solar collector were proposed. The hybrid heating system can support the
operation of two fermentation systems: periodic and quasi-continuous. The power
of solar devices was determined as the real power of PV panels (solar collectors)
and expressed in watts [W] [24]. The number of photovoltaic panels (4 pcs) and
solar collectors (1 item) for the side surface of the container has been determined.
For the calculations were adopted: the unit surface area of the PV panel (1.474 m?)
and the active surface of the solar collector (2.130 m?). The power of solar devices
was calculated in accordance with the published methodology [24] on the basis of
the following formula 4:

n
P —M ° T AN 4
SOL E-S 100 n ( )

where:

PSOL - real power of PV panels/solar collectors [W],

ME - solar radiation power [Wm 2],

S - active surface of the PV panel/solar collector [m?],

n - efficiency of PV panel/solar collector [%],

n - number of PV panels/solar collectors.

It was assumed that the efficiency of the PV panel is 18% and the efficiency of
the solar collector is 69%. Calculation results, comparing heat losses with potential
heating power, were presented in two cases.

The first case involves the cooperation of a gas boiler with a solar collector. The
second case involves the cooperation of a gas boiler with a photovoltaic installation.
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Heat losses and available heating power W Heat losses
O Solar collector + biogas

DIPV 80% cost balance (night) + biogas
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Fig. 4 Comparison of heat losses and heating power obtained from the solar system and gas
boiler

In the case of a hybrid system with a PV installation, a discount system was
included in the calculation, which in 80% balances the use of electricity from the
power grid (Fig. 4).

Heating power and balances between sources, used in the analyzed system
(Fig. 4). Heat sources were used: solar collector Hewalex Thermomax HP 400-20,
4 solar panels WINAICO feeding the electric heater and gas boiler VITODENS
200-W.

Heat losses were calculated on the basis of heat transfer coefficients by indi-
vidual walls and structural elements, using in this case average monthly tempera-
tures in the day/night system for their comparison with the operation of the solar
and biogas systems (Fig. 4).

Despite the use of an additional solar system, calculations showed that 3 months
(January, February and December) the system operates on the edge of the energy
needs of the fermenter.

4 Summary and Conclusions

The research showed that the cumulated biogas productivity reached the level of
over 13 m® from a Mg of fresh mass. The obtained results of biogas efficiency
levels can be improved by increasing the digestibility of the mixture and better
balancing macronutrients and the C/N ratio. A mixture of wastes with possibly
varied composition was tested to approximate the real problems of waste disposal.

The highly diversified composition of the mixture showed inhibitory qualities,
thanks to which the level of biogas productivity was deliberately lowered.
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It has been shown that the change of chamber operation mode (periodic system
to quasi continuous system) intensively increases the energy capacity of the fer-
menter, with a constant level of heat losses through the partitions.

Obtained average daily biogas yields indicated that from the waste mix, pro-
ductivity can be expected at 0.48 m> of biogas from a tonne of fresh mass in the
case of a periodic system and 0.68 m> of biogas from a tonne of fresh mass in the
case of a quasi-continuous system.

Both biogas productivity results were used to analyze the energy efficiency of
the digester in a periodic and quasi-continuous system. The considered systems
(periodic and quasi-continuous) refer to the use of the proposed fermenter as a
utilization or microbiogas plant. Identified energy shortages can be limited by
optimizing the control of the biological process and optimizing the parameters of
thermally insulating layers. The element of support may also be multiplication of
chambers or additionally their mutual phase shift of daily biogas efficiency (biogas
yield in periodic system).

Identified energy shortages can be limited by optimizing the control of the
biological process and optimizing the parameters of thermally insulating layers. The
element of support may also be multiplication of chambers or additionally their
mutual phase shift of daily efficiency.
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