energies

Article

Loss of Energy and Economic Potential of a Biogas Plant Fed
with Cow Manure due to Storage Time

Jakub Mazurkiewicz

check for
updates

Citation: Mazurkiewicz, J. Loss of
Energy and Economic Potential of a
Biogas Plant Fed with Cow Manure
due to Storage Time. Energies 2023,
16, 6686. https://doi.org/10.3390/
enl6186686

Academic Editor: Jakub

Frankowski

Received: 9 August 2023
Revised: 9 September 2023
Accepted: 11 September 2023
Published: 18 September 2023

Copyright: © 2023 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Ecotechnologies Laboratory, Department of Biosystems Engineering, Poznar University of Life Sciences,
Wojska Polskiego 50, 60-627 Poznan, Poland; jakub.mazurkiewicz@up.poznan.pl; Tel.: +48-618487161

Abstract: The aim of the publication was to analyze investments in biogas plants with a cogeneration
unit for an average size dairy farm. The basis for the calculation was the use of cow manure as the
only substrate in methane fermentation. The economic balance also includes ecological and service
aspects. The study also shows how much energy and quality potential is lost due to improper manure
management and what impact a single farm with dairy cows has on the emission of carbon dioxide
equivalent. It has been estimated that as a result of improper storage of manure, even 2/3 of its
fertilizing, energy and economic value can be lost, while causing damage to the environment. It has
been estimated that for a single farm with 100 cows, without government mechanisms subsidizing
investments in RES, the payback period exceeds 15 years, and the Return of Capital Employed is
slightly more than 6%.

Keywords: cow manure; fertilizer; environmental and economic aspects of investment; biogas plant;
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1. Introduction

Proper biogas extraction from agricultural waste is particularly important due to the
reduction of emissions of nitrous oxide (N2O) and methane (CH4)—harmful greenhouse
gases (GHGs)—and ammonia (NH3) (creating nuisance odorous emissions). These gases
are usually referred to as a conversion factor (carbon dioxide equivalent CO,eq), as a
unified metric measure used to compare the emissions from various greenhouse gases on
the basis of their global warming potential (GWP) [1,2].

Methane is a gas which contributes 25-28 times more (on a 100-year time scale) and
86 times more (on a 20-year time scale) to global warming than carbon dioxide (CO,) [3-6].
Nitrous oxide (N,O) is a compound for which the negative impact on climate change is
even 265-298 times greater than CO; [3-5,7].

Among the sources of GHG emissions associated with animal husbandry, as much
as about 20% come from the dairy sector [8-10]. Only 15-30% of this range is related
to processes other than the production of milk and other dairy products [11-13]. These
data indicate that a significantly large potential for reducing emissions of these gases is
located within the farm [14,15]. Changing the current management of dairy production can
therefore bring equally high effects.

The most common GHGs that stream from farm dairy production are methane and
nitrous oxide emissions from enteric fermentation, manure storage and handling, as well as
agricultural crops and pasture managements [13,16,17]. In the case of potentially generated
N>O, a distinction should be made between direct emissions from the farm and emissions
from ammonia and nitrates leaving the farm, which may eventually be converted to N,O
in other ecosystems. Although they are often treated as independent sources, there are
interactions that affect the overall emissions [13,16].

In the case of dairy production, it is feed that shapes all further greenhouse gas
emissions, but in this case the potential and actual impacts are quite complex and the
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results are difficult to assess [18]. Even a part of undigested feed can cause gas formation
in another stage of production (e.g., during storage or disposal [18,19]).

Much more clear-cut results can be obtained by tracking CHy, N,O and NH3 emissions
related to manure management. According to publications [17,20,21], the amount of
generated GHG is affected by the period and method of manure storage. The production
of this natural fertilizing material is continuous, while its use in crops is periodic [22]. The
phenomenon of improper storage causes ecological and economic damage—it contributes
to the reduction in the quality of manure, as a result of the loss of valuable nutrients. The
consequence of this is a decrease in the value of manure as a natural fertilizing product,
and thus also its price [23,24].

This publication uses periodic studies of dairy manure from a family farm in south-
western Poland. In this country, as in most Eastern European countries, over 61% of manure
is used for fertilization purposes [25].

The two most popular storage techniques are stacking in heaps and keeping manure
in this form until application to the fields [26,27] and, much less frequently, composting in
heaps. In the latter case, the manure is periodically turned and/or otherwise aerated [28,29].
According to the technique, composting introduces oxygen (O,) into the manure heaps,
which usually contributes to the emission of gases produced under aerobic conditions, such
as ammonia and carbon dioxide [26,30,31]. This is different in static heaps (no activities
are performed on them), from which mostly gases characteristic of anaerobic conditions
(i.e., methane) are produced [28,29].

The formation of methane is closely related to the agricultural practice of manure
heaps. This type of natural fertilizer has a solid form, which means that it is formed into
piles during storage, which is not compressed and rarely covered. A poorly compacted
heap enables the effective activity of aerobic microorganisms, which quickly decompose
the organic parts of the manure, at the same time causing a rapid increase in the heap
temperature to the level of 40-60 °C (within several dozen hours) [27,32]. Due to such
an intensive process, oxygen supplies in the heap run out and conditions are created that
introduce the mechanisms of anaerobic decomposition. From this moment, an intensive
process of methane formation begins, which is, after all, a valuable fuel in chemical form
(renewable energy source) that is produced in typical biogas plants [33].

In the case of nitrous oxide generated during composted manure, low [30,34,35] and
high values [36-38] were observed, and their value is very dependent on the content of
carbon and nitrogen, as well as their mutual ratio and aerobic conditions, etc.

If, on the other hand, manure is only stored, i.e., not compacted and not covered,
quite intensive transformations of nitrogen compounds in manure occur. In particular,
these processes concern organic forms (derived from proteins) or less intensively from
inorganic forms, i.e.,, ammonia and ammonium (e.g., NH3 and NH;*), from which nitrites
and then nitrates are formed with the participation of oxygen. After the processes of
denitrification (anaerobic conditions), nitrates are converted into nitrous oxide N,O and
molecular nitrogen Ny [39,40].

The analyses contained in this article concern the comparison between the use of fresh
cow manure stored under cover and stored uncovered for energy (biogas) purposes. The
process that was used in this study is methane fermentation in mesophilic conditions (more
information about methane fermentation and the use of biogas as a fuel in [41-49]).

The innovative concept is to indicate how storage significantly affects the value of
methane and nitrous oxide emissions (environmental pollutants), and thus the energy
value of manure as a substrate for biogas plants (economic and energy). This is not taken
into account in dairy cow breeding, as demonstrated by the outcome tested in several
international research projects [50-53].
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2. Materials and Methods
The current materials and methods section includes several steps:

Description of the reason and methodology and localization of the research;

The economic and energy scenarios;

Methodology for calculating methane and nitrous oxide emissions from manure;
Methodology for calculating fees for the emission of carbon dioxide equivalent;
Biogas yield testing methodology based on “batch culture” technology;
Methodology for calculating energy production as well as thermal and electric power
of a biogas plant equipped with a cogeneration unit.

SANNANE IR A

2.1. Reason and Methodology of the Research

This article presents data from our own research and analyses on the economic and
energy potential of methane and nitrous oxide emissions. The research material consisted
of samples of cow manure collected from a dairy farm. The breeding farm is located in
a village in south-western Poland (region of Lower Silesia). Three different scenarios for
storing manure before using it as a substrate in a biogas plant were analyzed. Comparisons
of economic and energy balances for each scenario and the ecological potential associated
with avoided methane and nitrous oxide emissions are presented. The calculations also
include a typical solution, i.e., the use of manure directly as a natural fertilizer in crops. The
estimated amount of energy produced and the capacity of the installation were compared
with the possible reduction of the emissions of the aforementioned greenhouse gases
converted into CO, equivalent.

The samples were taken from a family dairy cow farm utilizing field cultivation for
fodder purposes. More than 30% of the farm was under cultivation for fodder crops.
Straw was also obtained from these fields as a deep bedding for the cattle. The natural
consequence is therefore the production of cow manure and its traditional use as natural
fertilizer (typical manure management in Central and Eastern Europe).

Unfortunately, the manure is very rarely stored properly, usually while waiting to be
taken to the field. This neglect is directly related to ecological and economic (energy) losses:

a. Lower fertilizer value—part of the organic matter has already been lost, as well as
macronutrients;

b. Lower price for manure as a substrate for biogas plants—the lost part of organic
matter means lower methane efficiency;

¢.  Increased emissions of methane and nitrous oxide (as well as ammonia).

The analyses contained in this study show how much potential is lost as a result of
such prosaic negligence as the lack of cover (crumpling) of the heap with manure. This
is particularly important in the current difficult situation in Europe in terms of energy
(manure could be used as a substrate for biogas plants) or fertilizer (direct, as a natural
fertilizer, or indirect as a fertilizing product from digestate).

The cow feeding system in the analyzed farm consists of feeding with fodder from the
so-called feed tables in the cowshed or under the shelter (the herd is periodically brought
into the barn). Such a method of feeding feed itself contributes to increased (compared
to grazing) emissions of greenhouse gases and nitrogen [54,55] (although recently there
have been promising scientific reports on modern additives mitigating emissions from
ruminants [56,57]).

The fodder not eaten by the animals, as well as the excreta, are collected manually,
then transported to a heap, and from there to the field (usually by a tractor with a trailer)
and it waits in this condition for the date of manure application. Since this usually takes
place (in the region of Central and Eastern Europe) only two or three times a year, it results
in a long waiting period for land development from autumn to spring, and the pile is
exposed for several weeks in the summer to high air temperatures (between periods of
fertilization). Thus, the impacts on the environment (long-term and intensive emissions)
and, indirectly, on the energy and fertilization value are significant.
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2.2. Analyzed Scenarios of Manure Management

The estimates presented in this paper concern the comparison of the energy, economic
and fertilization balance with the direct use of manure as a natural fertilizer and manure
stored in various ways before it is used as a substrate for a biogas plant, and then fertilized
with digestate. The economic analyses did not take into account the costs of transport or
the costs of land occupied by heaps of stored manure or occupied by the infrastructure of
a biogas plant with a cogeneration system (for the production of electricity and heat), etc.
One of the reasons for the above-mentioned restrictions is the assumption that the removal
of manure from the manure plate to the fields is much less frequent than when loading
one’s own biogas plant, but individually much longer (incomparably greater distance to
arable fields). In turn, the digestate obtained after methane fermentation, although of lower
weight than the original one (part of the matter converted into biogas and returned to
the process to liquefy the substrate), also requires export. In the case of the costs of land
occupied by heaps of stored manure or occupied by biogas plant infrastructure, no impact
on costs was given, because the area occupied by such a small biogas plant (and possible
digestate) is comparable to the area occupied by fresh manure usually lying on several
fields, as shown by research carried out as part of project [53]. The costs of collecting and
treating liquid leachates generated during the manure storage period were also not taken
into account, as they were not disclosed on the farm in question.

Therefore, the comparison includes the traditional variant (Scenario N) and three
variants (B-LS, B-C, B-F) with the energy use of cow manure:

e  Scenario N (Natural): periodic storage of manure on a heap (on the farm or in the
field) for use as natural fertilizer at the right moment (hypothetically high greenhouse
gas emissions)—diagram in Figure 1.

@A@A —

Cow barn Manure Manure heap (storage) Spread to the field

Figure 1. Diagram of Scenario N.

e  Scenario B-LS (biogas—long-time): periodic storage of manure on a farm heap and
transport from time to time to biogas plants, albeit only after the methane fermentation
process, as digestate; it is brought to and managed on the field (hypothetically high
greenhouse gas emissions)—diagram in Figure 2.
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Figure 2. Diagram of Scenario B-LS.

e  Scenario B-C (biogas—covered): periodic storage of manure on a farm heap under
cover and transport from time to time to biogas plants, however, only after the pro-
cess of methane fermentation, as digestate; it is brought and managed on the field
(hypothetically moderate greenhouse gas emissions)—diagram in Figure 3.
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Figure 3. Diagram of Scenario B-C.

e  Scenario B-F (biogas—fresh): manure without storage—it is fed to the biogas plant on
an ongoing basis, only after the process of methane fermentation, as digestate exported
and managed on the field (hypothetically low greenhouse gas emissions)—diagram in
Figure 4.

Green Energy
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Figure 4. Diagram of Scenario B-F.

2.3. Methodology for Calculating of Methane and Nitrous Oxide Emissions

Methane emissions from manure in each scenario were calculated according to the
same European Tier 2 procedure [58] by plugging into the formulas generally accepted or
national indicators and direct measurements:

EF = VS-B-CF-MCF-MS-D, 1)

where the following abbreviations are used:

EF—emission factor, kg CH,/animal/year;

VS—volatile excreted solids (on average daily), kg/animal/day;

B—possible production of CH, from animal manure (max. annual), m3 CHy,/ kg VS (volatile
substances);

CF—conversion factor, change of units from kg to m3;

MCF—methane conversion factor to the manure management system, %;

MS—a fraction of livestock category manure, -;

D—analyzed period in days, days.

The above-mentioned indicators were adopted in accordance with the European pro-
cedure contained in the international IPCC reports of 2006 and 2019 [58,59] with delegation
to the National Inventory Report of 2022 [60]. The individual values for the indicators,
depending on the storage method, are presented in Table 1. Emission calculations are
presented for solid cow manure per head.
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Table 1. Indicators adopted for the CH4 emissions calculation.

Parameters VS B CF MCF MS D EF *
Unit kg DM/animal/day m? CH, /kg VS - Y% Y% days kg CH4/animal/year
Scenario N 4.88 0.24 0.67 17 100 365 48.69
Scenario B-LS 4.88 0.24 0.67 17 100 365 48.69
Scenario B-C 4.88 0.24 0.67 3 100 365 8.59
Scenario B-F 4.88 0.24 0.67 0 100 365 0

DM—dry mass; VS—volatile substances; * calculated values.

In the presented Formula (1), the MS coefficient was taken as 1 (100%), because only
dairy cows are considered (excluding other categories of livestock). Most indicators are the
same for all scenarios, only the MCF values differ—this is due to the adoption of different
manure emission factors for them, due to the different storage method. In Scenario N and
Scenario B-LS, manure is stored in the traditional way—first for a certain period of time
in the barn (deep litter) and then uncovered in a heap on the farm or in the field. Even
assuming the conditions for a cold climate in accordance with the IPCC guidelines (value
assumed for a cold climate 2006 and 2019 [58,59], it is still assumed that emissions from
manure will be high and amount to 17%, while after quick removal from the barn and
covering it is only 3%, and with immediate removal and transport to the biogas plant it is
close to zero.

Calculations of direct emission of nitrous oxide are given in accordance with Formula (2)
(according to IPCC 2006 [58]):

N,OD (mm) = NEX-MS-EF3-CFN, )

where the following abbreviations are used:

N,OD (mm)—direct emissions from manure management, kg N,O/animal/year;

NEX—N excretion per head of livestock (on average annually), kg N, /animal/year;

MS—a fraction of livestock category manure, -;

EF3—emission factor for direct N,O, kg NoO/kg N;

CFN—conversion factor of (N,O—N) (mm) emissions to N,O (mm) emissions, -.
Individual values of indicators enabling estimation for direct N,O emissions from

manure are presented in Table 2.

Table 2. Indicators adopted for the direct N,O emissions calculation.

Parameters Nex * CFN MS EF3 N;0O D (mm) *
Unit kg N/animal/year - % kg No,O—N/kg N kg NpO/animal/year
Scenario N 114.60 44/28 100 0.01 1.80
Scenario B-LS 114.60 44/28 100 0.01 1.80
Scenario B-C 114.60 44/28 100 0.005 0.90
Scenario B-F 114.60 44 /28 100 0 0

* calculated values.

For all scenarios, in accordance with the procedure, Nex index equal to
114.6 kg N/head was assumed. For the EF3 indicator, values are given according to
the IPCC 2006 corresponding to (as kg NoO—N/kg N): deep bedding equal to 0.01; under
cover (compared to solid storage) equal to 0.005; and for anaerobic digester equal to 0 [58].

In turn, the calculations of indirect nitrous oxide emissions—the indirect N,O emis-
sions from volatilization of N in the forms of NH3 and NOy (N2OG (mm)) are given in
accordance with Formula (3) (according to IPCC 2006 [58]):

NZOG (mm) = Nvolatilization—MMS’EF4'CFN1 (3)

where the following abbreviations are used:
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N>Og (mm)—indirect N>O emissions due to volatilization of N, kg N,O/year;
Nyolatilization-MMs—amount of manure nitrogen that is lost due to volatilization of NH; and
NOy, kg N/year;
EF4—emission factor for N,O emissions from atmospheric deposition of nitrogen on soils
and water surfaces, kg NoO-N/kg N;
CFN—conversion factor of (N,O—N) (mm) emissions to N,O (mm) emissions, -.

To provide all indicators to Equation (3), it is necessary to first calculate Nyjatilization-MMS
according to simplified Equation (4) (according to IPCC 2006 [58]):

Nyolatitization-Mms = NEX-Fracgasms, 4)

where the following abbreviations are used:

NEX—N excretion per head of livestock (on average annually), kg N, /animal/year;
Fracgasms—percent of managed manure nitrogen that volatilises as NH3 and NOy in the
manure management system, %.

Individual values of indicators enabling estimation for indirect N,O emissions from
volatilization of nitrogen from manure are presented in Table 3.

Table 3. Indicators adopted for the indirect NoO emissions from volatilization.

Parameters Nex * Fracgasms Nyolatilization-MMS CFN EF4 N,OG (mm) *
kg N,O -N/kg
Unit kg N/ % kg N/year : (NH;3-N + NOy-N) kg N0/
animal/year e animal/year
volatilised

Scenario N 114.60 40 45.84 44/28 0.05 3.60
Scenario B-LS 114.60 40 45.84 44/28 0.05 3.60
Scenario B-C 114.60 20 22.92 44/28 0.01 0.36
Scenario B-F 114.60 10 11.46 44/28 0.002 0.04

* calculated values.

The default value of the indicator Fracgagms is 40%, while the values range from 10%
to 40% (the lower the volatilization potential, the lower the value) in the IPCC reports
(Chapter 10) [58,59]. It should be noted that according to the procedure, the value of
the Fracgasvs indicator was estimated according to national and regional estimates and
experience depending on the cow manure management and storage system—for storage
under cover, the indicator is equal to 20%, and in the case of ongoing removal, it is equal to
10% [50-53,58-62]. The default value of the indicator EF4 is 0.01, while the values range
from 0.002 to 0.05 (this factor represents the potential for N,O emissions from atmospheric
nitrogen deposition on soils and water surfaces) in the IPCC reports (Chapter 11) [58,59].
It should be noted that according to the procedure, the value of the EF4 indicator was estimated
according to regional estimates and experience; for storage under cover, the indicator is equal
to 0.01, and in the case of ongoing removal, it is equal to 0.002% [50-53,58-62].

In addition, an indirect source of N, O is also provided as nitrogen that leaches into soil
and/or runs off during solid storage of manure at outdoor areas (N2Op,(mm)). The values
for these nitrogen streams are given in accordance with simplified Formula (5) (according
to IPCC 2006 [58]):

N>Op (mm) = Nleaching—MMS'EFS'CFNr ®)

where the following abbreviations are used:

N2Or, (mm)—indirect N>O emissions due to leaching and runoff, kg N>O/year;
Nieaching-MMs—amount of manure nitrogen that is lost due to volatilization of NH; and
NOy, kg N/year;

EF5—emission factor for N,O emissions from nitrogen leaching and runoff, kg N,O-N/kg
N leached and runoff, kg N,O-N/kg N;

CFN—conversion factor of (N, O—N) (mm) emissions to N,O (mm) emissions, -.
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To provide all indicators to Equation (5), it is necessary to first calculate Nleaching-
MMS according to simplified Equation (6) (according to IPCC 2006 [58]):

Nleaching-MMS = NEX- FraCleaChingMS/ (6)

where the following abbreviations are used:

NEX—N excretion per head of livestock (on average annually), kg N, /animal/year;
Fracieachingms—percent of managed manure nitrogen losses due to runoff and leaching
during storage of manure; %.

Individual values of indicators enabling estimation for indirect N,O emissions from
leaching into soil and/or runoff during solid storage of manure at outdoor areas are
presented in Table 4.

Table 4. Indicators adopted for the indirect N,O emissions from leaching.

Parameters Nex * FracieachingMs Nleaching-MMS * CFN EF5 N,O L (mm) *
. kg N/ o kg NL,O-N/k kg N,O/
Unit animil /year & kg N/year i leagching / runo%f ani;:nal /year
Scenario N 114.60 10 11.46 44/28 0.025 0.450
Scenario B-LS 114.60 10 11.46 44/28 0.025 0.450
Scenario B-C 114.60 1 1.15 44 /28 0.0075 0.014
Scenario B-F 114.60 1 1.15 44/28 0.0005 0.001

* calculated values.

The default value of the indicator Fracieschingms is 30%, while the values range from
0% to 80% (higher values apply only to regions where the water holding capacity of
the soil has been exceeded as a result of rainfall and/or irrigation) in the IPCC reports
(Chapter 11) [58,59]. It should be noted that according to the procedure, the value of
the FracGasMS indicator was estimated according to national and regional estimates and
experience depending on the cow manure management and storage system—for storage
under cover, the indicator is equal to 10%, and in the case of ongoing removal, it is equal to
1% [50-53,58-62]. The default value of the indicator EFs is 0.0075, while the values range
from 0.0005 to 0.025 (this factor represents the potential for N,O emissions incorporates
three components, which are the emission factors for groundwater and surface drainage,
rivers and estuaries) in the IPCC reports (Chapter 11) [58,59]. It should be noted that
according to the procedure, the value of the EFs5 indicator was estimated according to
regional estimates and experience; for storage under cover, the indicator is equal to 0.0075,
and in the case of ongoing removal, it is equal to 0.0005% [50-53,58-62].

2.4. Methodology for Calculating Fees for the Emission of Carbon Dioxide Equivalent

In 2022, the volume of allowances in the European Union Emissions Trading System
(EU ETS) auctioned or sold about 373 million metric tons of CO,eq. This year, the largest
amount of carbon allowances auctioned or sold took place in Germany—=84.2 MtCO,eq.
This amount was closely followed by Poland, which auctioned or sold a total of almost
63 MtCOzeq of allowances. One allowance—or carbon credit—gives the holder the right to
emit one metric tonne of carbon dioxide or its equivalent [63].

Currently, carbon allowances in the EU have increased by EUR 2.90 or 3.30% since
early 2023, according to a contract for difference (CFD) trade that tracks the benchmark
market for the commodity. The value of this allowances is EUR 90.90 (as of 1 August 2023)
per 1 for 1 Mg COyeq [64].

In many countries, including Poland, support systems for new RES Installations have
been introduced in the last few years. One is the offer of guaranteed prices for the purchase
of produced electricity—feed-in tariff (FIT) for small biogas plants (with a capacity of less
than 0.5 MW). As of the time of research, this price is at the level of EUR 197.27 per 1 MWh
(taking into account a maximum of 95% of the reference price) [65]. The price of electricity
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from the second quarter of 2023 is currently EUR 176.98/MWh (average EUR exchange
rate is PLN 4.43/EUR (as of 1 August 2023) [66]. The FIT is therefore approx. 11.1% higher
than the market average electricity prices; however, investors in biogas plants may also
receive subsidies for the construction of biogas plants—even up to 65% of total price, as
well as a bonus of over EUR 35 per 1 MWh if the heat produced by combined heat and
power unit (CHP) should be fully used [67]. The cost of purchasing 1 GJ of heat on the
regional market currently does not exceed EUR 36 per GJ] (depending on the type of fuel
used, on average, approx. 28.76) [68].

According to literature reports, it was assumed that the global warming potential
(GWP) will be expressed as carbon dioxide equivalent for methane and nitrous oxide equal
to 25 and 298, respectively [3,4,60].

2.5. Biogas Yield Testing Methodology

All samples subjected to physico-chemical analysis and in terms of biogas efficiency
were sent to the Ecotechnologies laboratory, one of the largest of such laboratories in
Poland [69]. This institution has an internationally recognized quality certificate for
methane fermentation research received from the organizations VDLUFA (Verband
Deutscher Landwirtschaftlicher Unter-suchungs- und Forschungsanstalten) [70] and KTBL
(Kuratorium fiir Technik und Bauwesen in der Landwirtschaft) [71]. Therefore, the meth-
ods of biogas yield analysis are based on procedures in accordance with the following
standards: VDI 4630 [72] and DIN 38414 /S8 [73].

The composition and volume of the produced biogas were determined in the tests on
the basis of periodic tests, using the so-called batch culture. This process is carried out in
glass reactors with a capacity of 2 dm3 each, located in special heated sections (Figure 5).

7

Figure 5. Scheme of the stand for testing the efficiency of biogas, the so-called “batch culture”
(3-chamber reactor): 1—water heater with temperature control, 2—water pump, 3 and 4—insulated
water pipes, 5—fermentation reactor, 6—pipes transporting biogas, 7 —water bath, 8—system of
graduated pipes to measure the volume of gas produced.

Measurement procedures and devices have already been described in previous
works [74-76].

2.6. Methodology for Calculating Energy Production

In order to develop an energy and economic balance, it is necessary to define the
technological and strategic assumptions of the considered installation. In this work, it
was assumed that a typically agricultural biogas plant (with mesophilic conditions for the
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methane fermentation process) will have a biogas storage and a cogeneration installation
(CHP), i.e., it will use biogas to obtain heat and electricity from it for commercial purposes.

In the considered scenarios, financial and energy estimates will be based on the energy
and fertilization potential of cow manure. In direct terms, the material will be used as
a natural fertilizer without any treatment, and indirectly, initially as a substrate (or co-
substrate) in a biogas plant.

The generated electricity (Ee, MWh) in a biogas plant with a CHP unit was calculated
according to the following formula:

Ee = VCH,;-WCHjy ne, (7)

where the following abbreviations are used:

VCH,_methane produced in the fermentation process (m?);
WCH,__calorific value of methane contained in 1 m?;
ne—electric efficiency of the cogeneration unit.

The generated heat (Eh, MWh) generated in the cogeneration installation was ascer-
tained in accordance with the following formula:

Eh = VCH,-WCH,1h, )

where the following abbreviations are used:

VCH—methane produced in the fermentation process (m?);
WCH,—calorific value of methane contained in 1 m3;
nh—heat efficiency of the cogeneration unit.

The electric power of a biogas installation (Pe, MW) generated in the cogeneration
installation was ascertained in accordance with the following formula:

Pe = Ee/t, )

where the following abbreviations are used:

Ee—electric energy produced yearly;
t—operating time (h) of the cogeneration unit (yearly).

For thermal power (Pt), a similar equation was used:
Ph =Eh/t, (10)

where the following abbreviations are used:

Eh—heat produced yearly;
t—operating time (h) of the cogeneration unit (yearly).

The amount of heat produced is usually given in GJ, therefore for the purpose of
conversion it was assumed that 1 MWh equals 3.6 GJ.
The basic coefficients for energy calculations are given in Table 5.

Table 5. Coefficients for energy calculations.

Coefficients WCH,4 ne nh t
Unit kWh/m3 - - h/year
Value if Pe < 50 kW 9.968 0.18-0.32 0.5-0.65 8200
Value if Pe > 250 kW 9.968 0.4-0.43 0.43-0.46 8200

The above-mentioned Table 5 shows the average coefficients of electrical and thermal
efficiency of cogeneration units. The values of these coefficients are not constant over time
because they depend on, e.g., the type of fuel, technology and operation of the installation.
For greater comparability, values of 0.3 and 0.55 are given for them in Table 3 (which is
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achievable in most cases) [77-83]. Also, the number of operating hours per year of this
type of CHP unit may be variable, depending indirectly on the quality of the substrate, the
method of operation of the biogas plant (including the number and duration of the service)
and finally the quality of the installation and proper selection in a given technological line.
In order for the estimates to be reflected in average conditions, the total working time per
year for a CHP unit was assumed equal to 8200 h [74,75,84-87].

3. Results

In the following parts of the results section, the final calculations are given in relation
to the considered scenarios. In this work, part of the input data, the same or similar as in
other studies in this field, were deliberately used, so that it was possible to compare them
appropriately.

3.1. Emission Calculations

For the purposes of the analysis of different scenarios, yearly calculations made
according to Formulas (1) and (2) are presented in Table 6 wherein the comparative number
of dairy cows was assumed as 100.

Table 6. Emission calculations for different scenarios.

Parameters M CH,4 COzeq—CHy4 Sum N,O COzeq—N,0 Sum of COzeq
Unit Mg CHy /year Mg COyeq/year kg N,O/year Mg COyeq/year Mg COyeq/year
Scenario N 4.87 121.727 0.585 174.41 296.14
Scenario B-LS 4.87 121.727 0.585 174.41 296.14
Scenario B-C 0.86 21.481 0.127 37.97 59.45
Scenario B-F 0 0 0.004 1.10 1.10

Approximately 100 dairy cows can produce more than 2 Gg of farmyard manure per
year (approx. 55 kg of manure from deep litter per cow and day), which must be managed.
It can be estimated that such a mass of manure will contribute to the emission of carbon
dioxide equivalents (from CH, and N;O) at the level of almost 300 Mg for the N and B-LS
scenarios, less than 60 Mg for the B-C scenario and about 1 Mg for the B-F scenario (variant
with a biogas plant). It should be noted that the total emission from nitrous oxide affects
the final CO,eq index by as much as 43% to even 77% more than from methane. This is due
to much larger and faster losses and 10 times greater impact of N,O on global warming
than CHy4 from manure.

3.2. Energy and Economic Calculations

The input data were the results obtained from nine series of samples taken for biogas
tests. Table 7 shows the average values of individual parameters and the differences in
biogas efficiency obtained for variants with uncovered manure (B-LS) and covered manure
(B-C) in relation to fresh manure, transferred to the biogas plant on an ongoing basis (B-F).
Biogas and methane productions are given in m> per Mg in terms of fresh weight (FM) of
manure (at the same moisture content as at the time of collection).

Table 7. Methane production from 1 Mg of cow farmyard manure.

Methane Production;

Parameters Methane Content Biogas Yield Methane Production
Compared to B-F
Unit % m?/Mg FM m? CHy/Mg FM %
Scenario B-LS 76.49 793 10.36 68.2
Scenario B-C 78.50 18.53 23.60 27.6
Scenario B-F 66.91 21.81 32.60 0
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Based on the research, it can be concluded that manure waiting on the farm without
cover loses almost 75%, and covered manure almost 30% of the volume of methane pro-
duced in relation to the material used on an ongoing basis. This is over 20 m? less methane
in the first case, and almost 10 m> less methane in the second. This is a very big difference
considering that it concerns only 1 Mg of farmyard manure.

If we consider the annual cycle of manure use in the biogas plant as generated from
only 100 cows, it would mean a methane production lower by 44,630 m? and 18,057 m? for
uncovered and covered manure, respectively (Table 8).

Table 8. Methane production from 100 dairy cows manure per year.

Parameters Number of Manure Methane Period Methane Production =~ Methane Production per
Animals Productions Production per Year Year; Compared to B-F
3
Unit animals kga il(;/[é;;w m C;_II\;*[/ Mg days m?® CH,/year m? CHy/year
Scenario B-LS 100 55 10.36 365 20,806.62 44,630.55
Scenario B-C 100 55 23.60 365 47,379.98 18,057.19
Scenario B-F 100 55 32.60 365 65,437.17 0
Input data, both energy and economic, are presented in Table 9. Note, the values given
in the following tables have mostly been rounded (for clarity); in actual calculations, they
are not integers and come from the conversion of the Polish currency PLN into EUR.
Table 9. Input parameters.
Parameters Units Scenario: B-LS Scenario: B-C Scenario: B-F
Energetic value of methane W CHy MWh/m3 0.009968 0.009968 0.009968
Electrical efficiency ne - 0.20 0.25 0.30
Heat efficiency nh - 0.60 0.58 0.55
Operating time of the CHP unit h/year 8200 8200 8200
Feed in Tariff—micro biogas plant < 50 kW EUR/MWh 197 197 197
Heat price EUR/G]J 29 29 29
Cost of Biogas and CHP installation EUR 148,445 227,508 269,373
Digestate price EUR/Mg 23 23 23
Substrate mass Mg/year 2008 2008 2008
Mass reduction during fermentation Mg 26 60 83
Percentage mass reduction Y% 1.3 3.0 4.1
Digestate production Mg /year 1981 1947 1924
On the basis of the annual production of methane, the size of the biogas plant with the
cogeneration unit (CHP), and thus the annual production of electricity and heat, can be
determined using Formulas (7)—(10). The estimated electric power of the entire installation
is (in sequence with the scenarios) 5, 14 or 24 kW with annual electricity production of
approx. 124, 274 or 359 MWh (Table 10). It was assumed that the energy used for own
needs—i.e., the operation of a biogas installation with a CHP unit—will be 6% electric and
12% thermal.
Table 10. Energy performance of a biogas plant with a CHP unit.
Parameters Units Scenario: B-LS Scenario: B-C Scenario: B-F
Electric energy Ee MWh/year 41 118 196
Electric power Pe kW 5 14 24
Heat production Eh MWh/year 124 274 359
Heat power Ph GJ 448 986 1292
Heat power Ph MW 0.02 0.03 0.04
Electric energy for own use Y% 6 6 6

Heat for own needs % 12 12 12
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Data on costs and revenues were taken from market analysis and correlated with
previous and local popular science publications [74,75,88-91]. Reference interest rates were
taken from the actual official data of the National Bank of Poland [92]. The presented
indicative values and final amounts are listed in Table 11.

Table 11. Economic indicative values for different scenarios.

Parameters Units Scenario: B-LS Scenario: B-C Scenario: B-F
REVENUE
Revenue from selling produced electricity EUR 7693 21,895 36,294
Revenue from selling generated heat EUR 11,336 24,953 32,686
Revenue from selling produced digestate EUR 44,718 43,955 43,436
COSTS
Manure EUR/Mg 18 18 18
Substrate costs in total EUR 36,253 36,253 36,253
Cost of service (EURO/MWh)
Service rate EUR/MWh 5 5 5
Total service cost EUR 187 533 884
Cost of technology service, monthly EUR/month 181 203 226
Cost of technology service, yearly EUR/year 2167 2709 2709
Cost of CHP unit service EUR 2709 3386 4176
Insurance cost EUR 903 1354 1693
Cost of hiring personnel
The level of staff involvement % 50 50 50
Monthly salary of maintenance workers EUR/month 1354 1354 1354
Total personnel costs EUR/year 8126 8126 8126
Total installation operating costs EUR/year 50,345 52,361 53,841
Amortization costs
Cost of Biogas and CHP installation EUR 148,445 227,508 269,373
Amortization period years 10 10 10
Interest rate % 6.75 6.75 6.75
Yearly amortization cost EUR/year 20,892 32,019 37,911

The balance shows that the biogas plant with the smallest CHP unit will be the
cheapest to build and operate (which is obvious); however, it will generate losses of almost
EUR 17000 using fresh manure (Table 12). This translates into a payback period (PBP) of
negative value to 15.9 years. In the case of return of capital employed (ROCE), this will be,
respectively, negative value and 6.3%.

Table 12. Economic balance for different scenarios.

Parameters Units Scenario: B-LS Scenario: B-C Scenario: B-F
ECONOMY BALANCE
Revenue EUR/year 63,747 90,803 112,416
Costs EUR/year 71,237 84,380 91,751
Profit before tax EUR/year —7490 6423 20,665
Tax rate % 18 18 18

Profit after tax EUR/year —6141 5267 16,945

Payback period Years negative value 432 15.9

Return of Capital Employed (ROCE) % —4.1 2.3 6.3

The presented financial results differ significantly from each other if we compare
the economic indicators of PBP and ROCE, assuming no possibility to use heat from
cogeneration units, as well as the possibility of selling digestate (both are situations that can
be found on the market, they depend on the location of the installation and the possibility
of connecting to district heating system) [74]. In such scenarios, the differences would be
much greater and presenting them using such indicators, i.e., PBP and ROCE, makes no
sense (Table 13).
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Table 13. Economic balance for different scenarios (excluding revenues from heat and digestate).

Parameters Units Scenario: B-LS Scenario: B-C Scenario: B-F
ECONOMY BALANCE
(excl. revenues from heat and digestate)

Revenue EUR/year 7693 21,895 36,294

Costs EUR/year 71,237 84,380 91,751
Profit before tax EUR/year negative value negative value negative value

Tax rate % 18 18 18
Profit after tax EUR/year —63,544 —62,485 —55,457

The future investor should also take into account that in the coming years there may be
a situation in which every product in the European Union will have to include the carbon
footprint in their costs. Such an approach, forced by the climate and energy crisis (indirectly
also the fertilizer crisis), will compel emitters (e.g., producers of dairy products) to pay fees
for emission permits. In such a situation, dairy cow breeders will also be covered, and this
may mean significant costs, and thus financial losses. Table 14 shows the profits of taking
into account the sale of heat and digestate, but these are reduced by the purchase of CO,
equivalent emission allowances.

Table 14. Economic balance for different scenarios after introducing fees for carbon emissions

allowances.
Parameters Units Scenario: B-LS Scenario: B-C Scenario: B-F
ECONOMY BALANCE
(incl. carbon emissions allowances)
Mass of CO,eq emissions Mg COreq 296 59 1
Price of carbon emissions allowances EUR/Mg CO,eq 91 91 91
Profit after tax EUR/a —33,061 —137 16,845

In the event that emissions-related costs become necessary, a solution where manure
is stored uncovered for a long time will generate significant losses for the farm. For the
scenario using fresh manure for energy purposes, the change will be negligible (only around
EUR 100 per year).

4. Discussion

The use of manure as a substrate for a biogas plant instead of applying it (without
processing) to the soil seems to be a beneficial solution, in economic, ecological and social
terms. From the investment point of view, however, it is important to consider what effect
the size of the herd and the method of manure management have on the legitimacy of
building a biogas unit with a cogenerator.

Therefore, a breeding farm with 100 dairy cows, from which manure is collected on
a deep litter, i.e., with a large share of straw, was adopted for the analysis of individual
scenarios. This type of solution is very popular in Poland and most Eastern European
countries and some others in the UE [93-95]. Indeed, mostly the farms with a number of
cows not exceeding 120 heads do not invest in solutions other than breeding on deep litter
and agricultural use of manure [60].

In this study, indirect testing methods were used, but samples were used directly from
the place of production/storage. This was in order to be able to capture, at least in part,
the characteristics of the formation of a natural crust on the surface of the stored manure,
the impact of atmospheric conditions and method of storage along with waiting for soil
introduction.

The procedure for estimating methane and nitrous oxide emissions was adopted from
the IPCC report methodology recognized in Europe [58,59], which is supported by regional
data [60] (according to the IPCC procedure).
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As it has been shown in many research works on manure management in relation
to methane and nitrous oxide emissions such as CCCFarming, DairyMix, MilKey and
MELS [50-53], in order to reduce the environmental impact as much as possible, the mate-
rial should be transported to the biogas unit as soon as possible (preferably with a CHP
unit). The analyses contained in this study indicate that the storage of manure contributes
to the significant depletion of manure and thus environmental pollution. Leaving ma-
nure uncovered for a long time (according to this study) may cause potential damage
(calculations based on IPCC reports) of methane losses (from one cow a year) at the level
of 4.87 Mg; and if the manure was compacted and covered, there would be losses only of
0.86 Mg (Table 6). In turn, laboratory tests show that this may cause (Table 7) a decrease
in methane yield from manure typically stored by 2/3 in relation to manure removed on
an ongoing basis (Scenario B-F), and in the case of comparing compacted and covered
manure, this difference is slightly less than 1/3 of the manure collected on an ongoing basis
(Scenario B-F).

How divergent the data on emissions are is evidenced by many research reports.
For example, according to one of the scientific sources, one can expect from a breeding
farm (per one cow) from 2.5 to 5.8 Mg CO,eq [40,96-99]. This value corresponds with the
one obtained in this work—with the traditional method of storage, approx. 3 Mg COzeq
was calculated. However, this result does not include significant emissions from enteric
fermentation of a cow, which may account for another dozen percent [13,100], and no
indirect emissions, including from transport, etc., were added. Some indicators published
elsewhere, e.g., 15 m3 CH,/ Mg [101], would mean that the results quoted (and shown in
the study) are significantly overestimated. Unfortunately, the description of the samples
and the research methodology are rarely exhaustively described. Failure to specify the type,
fraction or storage time often makes it impossible to properly compare the obtained values.
In more advanced laboratory measurements, it is possible to convert emissions from the
elemental composition. In this study, the emission expressed in CO,eq per 100 cows was
assumed. Calculating that a cow produces 55 kg of manure (FM) a day, it would amount to
approx. 2007.5 Mg per year (from this 100 cows). Therefore, in individual scenarios, annual
emissions from 1 Mg of manure should be expected at the following levels: without cover
and compaction (Scenario N and B-LS) 147.5 kg CO,eq; after covering and compacting
29.6 kg COyeq (Scenario B-C); and 0.5 kg CO,eq when collected on an ongoing basis
(Scenario B-F). Other researchers [102] reported a range of emissions from 1 Mg of manure
from 16 kg COseq to 84 kg COzeq during manure storage. These values are higher than
those provided in this study (except for scenario B-C), but they used a slightly different
procedure for estimating emissions and other conversion factors for CH4 and N,O, and the
mass of manure produced per day (from 75 cow—1.8 Mg of manure).

In these studies, the N;O emission had a slightly greater impact on the final COzeq
value than CHy. This is also confirmed by other studies, indicating that when the heap is
not covered, N,O emissions especially are much higher and this is related to the increase in
temperature of the manure [102,103].

It seems that methane fermentation combined with energy recovery in a CHP
unit is the most advantageous solution in terms of sustainable development
assumptions [7,104,105]. The weakness, however, as shown in this study and as can
be found in the literature sources, is the biogas efficiency of manure [106,107]. The reason
for such a low methane yield is that there is only a small amount of easily degradable
substances in the manure, as most of the energy substances were used at the stage of diges-
tion in the cow. Moreover, although the organic content is relatively high, the availability
is low (difficult to decompose during anaerobic fermentation processes [108,109]). Some
researchers estimate that up to half of the solid matter in manure is undigested elements,
containing mainly cellulose, lignin and hemicellulose [106,110].

For the above reason, it is advisable to use the entire waste potential of the farm,
i.e., to treat a mixture of manure with agricultural waste as a substrate. For a significant
part of farms, various types of straw are such an additional energy stream [111-115].
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Although this material does not have the highest possible ratio of methane produced to a
mass unit, its use does not constitute a conflict in the food sense [116,117]. Therefore, there
are clear indications from an energy and ecological point of view for the use of manure in
anaerobic digestion processes.

However, in the financial aspect, the use of micro biogas plants for farms with dairy
cows does not seem to be an effective solution. The purchase costs do not seem to be
excessive, especially since preferential credit terms for this type of solution can be obtained.
Unfortunately, despite many popular science reports from the regional market about the
financial benefits of building a micro biogas plant with cogeneration units [§9-91] (such
as return on investment of 6-10 years, and, in some cases, even 3-5 years), the results of
the current study indicate that the true figure is not so obvious. Only solutions in which
the investor/farmer properly manages the manure (i.e., covers it and at the same time
transports it to a biogas plant as soon as possible) will generate a relatively safe return on
investment of less than 16 years. This is regardless of the introduction of charges for CO,
equivalent emissions, but assuming the possibility of selling heat and digestate. Such a
long payback period is mainly caused by fixed costs of operation and maintenance—these
costs do not decrease directly proportionally to the power, and the micro biogas plant is
also disadvantaged by the reduction in electrical efficiency in relation to the (increasing)
thermal CHP unit [77,78].

A well-thought-out investment in a biogas plant with a CHP unit [75], as the experience
of recent years has shown (COVID-19 and the war in Ukraine), for farms with their own
independent source of energy and safe fertilizer can protect the farm from crises in any
form: ecological and energy-economic.

Another very important factor may contribute to the improvement of the economic
balance. This is the offer of subsidies for investments in RES in less-urbanized areas. In
Poland, for example (for installations above 10 kW), these can be a loan up to 100% of
eligible investment costs (up to EUR 5,643,341) and/or a subsidy up to 45% of eligible costs
with the possibility of increasing it for micro-, small- and medium-sized enterprises (up to
EUR 4,514,673) [67,118]. Actions of this nature significantly affect the level of payback of
the installation—in the case of the B-F scenario presented in this paper, the payback period
would be less than 6.5 years, which is one of the best in the RES industry. Indeed, one could
also expect a payback period lower than 4 years, and a return of capital employed ca. 16,
which usually means a relatively good financial balance [119].

Another solution that brings measurable profits is the construction of a local biogas
plant with a capacity of 250-500 kW and use of other waste streams [76,120-123]. In
the analyzed case, it would be an installation intended for a dozen local farmers (up to
10 km from the installation) and waste streams other than manure. In such a case one
could also expect a payback period lower than 4 years with a fairly good return of capital
employed, estimated to be above 20 [74,75]. Of course, this would involve higher emissions
related to the transport of manure and collection of digestate, but the electrical efficiency of
the cogeneration unit would increase to the advantage and ratio of fixed costs to capital
expenditures.

If this is not possible, the positive aspect of the micro biogas plant is the compact
design, time and ease of installation, as well as the possibility of connecting the micro
biogas plant to the power infrastructure. This type of installation can be connected to low
(or medium) voltage networks, which are connected to rural transformer stations. It is
assumed that a micro biogas plant (properly equipped) can be connected without major
problems to provide up to 40 kW of installed electric power. Another future-proof solution
is the production of electricity from biogas to a separate grid (microgrid) as an alternative
protection against rural grid failures and power outages [124].

Currently, solutions are also being researched that would reduce the failure rate and
at the same time increase the profitability of biogas installations in animal farms, including
small ones of less than 200 cows. They concern both the stage before manure is created,
among others: feed additives [125-128]; change in composition, or the ratio of roughage
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to concentrate [129,130]; and to increase the digestibility of organic matter, by mechanical,
chemical or biological fragmentation or spreading of particles before introducing it as a
substrate to the biogas plant [131,132]. While the results of some studies are quite promising,
often their implementation would require stricter dietary supervision or additional devices
and procedures. Compacting and covering manure is free of these limitations, because it
is a typical field work on cow farms—because on many of them it is necessary to prepare
various types of silage in a similar way.

5. Conclusions

When considering economic considerations in a biogas plant, the keys are, above all,
the method of storing manure (preferably the shortest and covered), its use for energy
purposes (in a micro or small biogas plant with CHP < 500 kW) and the possibility of selling
electricity (usually without any problems) and heat (strongly depending on installation
location). In the most favorable variant, one can expect a payback period of less than
6.5 years, and a return of capital employed in about 16.

In the event that emissions-related costs become necessary, a solution where manure
is stored uncovered for a long time will generate significant losses for the farm. The
calculations would look even less favorable for the investor if the carbon footprint (CO,
emission rights eq) was also included in the combustion of conventional fuels in means of
transport. What is more, in the absence of the possibility to use the heat produced in the
CHP unit in the heating system, it would lead to the rapid insolvency of the livestock farm.
That is why it is so important when investing in biogas installations (also equipped with
cogeneration units) to take into account not only the current economic indicators, but also
the indicators generated by the ecological policy in Europe. Hence, it seems reasonable
to consider joint investments in installations with higher capacity and faster rates of
return—so-called “small centralization”—using one biogas plant in the commune, to which
local residents bring manure, receive digestate in the settlement and use the profits from
the biogas plant, or locally lower prices for heat and electricity.
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