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Highlights:

• Is the use of manure as a substrate for a biogas plant with a cogeneration installation an economic
solution?

• Does investing in a biogas plant in the period of crisis—increase in prices of: energy, fertilizers,
but also construction materials and services bring less profit than in the pre-crisis period?

• The use of manure directly as a substrate for a biogas plant with a cogeneration installation is a
solution that provides greater economic and environmental benefits

• The economic balance of the investment in a biogas plant with a cogeneration installation for
manure processing, especially during the energy and fertilizer crisis, is even better than before

Abstract: The main goal of the publication was to show the differences in profit when using manure
directly as fertilizer (after the storage period) or as a substrate for biogas plants with a cogeneration
unit, and then using the digestate for fertilization purposes. The comparison covers the streams of
costs, revenues and profits over the year between 14 October 2021 and 14 October 2022. This period
was chosen due to the energy and fertilization crisis caused by the war in Ukraine. Profitability
forecasts for biogas investments (including the payback period) are presented, with the reduction
of greenhouse gas emissions, i.e., methane and nitrous oxide, taken into account. The performed
economic, energy and ecological calculations of manure management can be used as guidelines when
considering investing in biogas plants, as well as what is recently becoming a new trend: the carbon
footprint of dairy production. Input substrate parameters, gaseous emissions and biogas yields were
obtained from own research (manure samples were collected) and from literature data, including
guidelines for international and national IPCC protocols.

Keywords: cow manure; fertilizer; biogas plant; fermentation; digestate; GHG; energetic calculation;
milk cows; cattle

1. Introduction

The Food and Agriculture Organization of the United Nations (FAO) estimates that
livestock emissions represent approximately 7.1 Gt of CO2eq. per year [1]. The mitigation of
greenhouse gas (GHG) emissions is one of the greatest challenges for the livestock sector in
the context of climate change. It can be estimated that livestock accounts for 14.5–16.5% of
GHG emissions related to human activities [1–3]. Slightly different estimates can be found
in other sources [3–5], but the level is similar, and the differences are most often the result
of a different emission calculation methodology.

Even small upward revisions to the percentage can make a difference to the social and
political structure of the livestock emissions problem. Especially in view of the ongoing
calls to reduce the livestock sector, this issue is very important to livestock farmers and
consumers [6]. Since the current trend, with the increasing demand for food [7,8], is to
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increase the unit efficiency of livestock production (without increasing the herd), it may
have a smaller impact on reducing GHG emissions than a general reduction in livestock
production (and thus reducing food supply) [1,3,5,9].

It should be noted that 1/5 of all GHG emissions from above mentioned production
comes from milk production [1–3,10]. This industry, therefore, causes some of the largest
emissions among livestock production. Since much more than 3/4 of GHG emissions are
generated even before the milk leaves the farm, this serves as a signal to look for techniques
to reduce air pollution of this type in the proper management of the farm [11–14].

The most significant GHG emissions from dairy cows that contribute to global warm-
ing are carbon dioxide (CO2) (related to fossil fuel consumption and land use change),
methane (CH4) (which is a physiological consequence of enteric fermentation and ma-
nure) and nitrous oxide (N2O) (from manure management, fertilization and the process of
nitrification and denitrification) [15,16].

To assess the impact of individual emissions on global warming, “carbon dioxide
equivalent” is used to calculate global warming potential [11]. In this respect, the methane
generated on the farm is a gas 25–28 times more harmful than the equivalent of car-
bon dioxide (CO2) [17–19], while nitrous oxide (N2O) is even 265–298 times greater than
CO2eq [18–21]. Emissions from inappropriate manure management alone are very high; up
to 50% of the N2O generated worldwide could have been avoided if the manure had not
been left on pastures [22,23]. Nitrate leaching and ammonia leakage during field use, as
well as improper storage and direct emissions, are also strongly related to this.

The impact of animal nutrition, as well as manure farming (including feed residue),
on emissions is quite complex and difficult to quantify. The economic and ecological effect
includes the carbon footprint of the above-mentioned activities. In the case of manure
management, the situation is different; each of its conversions, or its appropriate protection
during storage, brings measurable benefits in reducing greenhouse gas (and ammonia)
emissions from animal production [24–27]. It should be noted that improper manure
storage not only increases CH4, N2O, CO2 and NH3 emissions, but also leads to a loss
of nutrients. Such action directly results in fertilization and ecological losses (excessive
emissions, leaching), but indirectly in its price decrease. Higher doses per hectare are
necessary [28–30].

This article presents possible scenarios for the use of cow manure as fertilizer or as
a substrate for a biogas plant on the example of a typical, medium-sized farm in Poland.
The first solution is a typical approach in Europe–in total, 1.4 billion tons of livestock
manure were produced annually in the European Union and the United Kingdom in
2016–2019 [26,31], the second is gaining more and more importance due to better fertilizer
quality of the digestate and lower GHG emissions before and after fertilization [26,27,32].

In Europe, almost 70% of all manure is generated by only 6 countries (Germany, Spain,
Italy, France, Poland and the United Kingdom), of which as many as 3/4 comes from
cows [31]. The problem of emissions from manure is continually growing in the entirety
of Europe, the reason being the constantly growing demand for meat and dairy products.
This problem will particularly affect the countries of eastern Europe, where 61% of all
manure is produced and stored in a traditional way; solid manure or farmyard manure (i.e.,
mixed feces, urine and straw) ends up in uncompacted and uncovered piles/heaps [33].
Improper and/or long-term storage of manure, as well as its direct application to fields,
can cause significant negative economic, ecological and even social effects [6,10,30,34].
One of the most effective methods of reducing the above-mentioned negative effects
is the processing of manure by anaerobic digestion (and then using the digestate as a
valuable fertilizer) [6,10,27,32,35–39]. Methane fermentation, and, most of all, the need
for a very short storage time, enables the reduction of GHG emissions related to manure
management by several dozen percent [2,6,27,36]. In addition, the production of biofuel
(biogas or biomethane) can be effectively used for the production of heat and electricity,
and thus reduce overall emissions from farms that utilize this biofuel instead of fossil
fuels [10,35,40–43]. Noteworthy are the reports in the literature according to which the use
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of digestate in crops increases their yields [44–49]. Another advantage is the inhibitory
nature of the digestate for some harmful plant pathogens (including bacteria and fungi)
and insects [50–52]. Field studies, including those carried out over a period of several
years in fully functional fields, have shown that the addition of digestate increases plant
resistance to diseases [42,49,50].

In addition, this article presents a simple analysis of the results developed for 2021
and in the same period in 2022 (during the energy and indirect fertilization crisis) on the
example of the same farm. Prices for energy, fertilizers and, consequently, food, have risen
sharply over the past two years and appear to continue to rise after Russia’s invasion of
Ukraine. The disruptions caused by Russia’s war in Ukraine highlighted the intertwined
nature of global energy, fertilizer and food supply chains as both countries play a key role
in world supply. Globally connected supply chains and food markets are closely related to
inputs (i.e., agrochemicals, fertilizers, fuel, feed, capital and labor) [53–55]. According to
the World Food Program, the number of people suffering from severe food insecurity has
more than tripled between 2017 and 2021, and could rise 17% to 323 million this year as a
result of the war [56].

The presented analyses include two approaches to the use of manure. The first
is its periodic storage and subsequent fertilization of farmland, and the second is its
direct use as a substrate in anaerobic digestion to produce biogas, and then the use of
the digestate as a fertilizer. As part of the comparison of both approaches to manure
management, differences in nitrous oxide and methane emissions were indicated, and
energy and economic calculations were made for a functioning medium-sized cow farm.
The paper compares the economic result we would obtain now and what was possible in
the same period a year ago. At that time, two variants were analyzed: the first without
the use of manure for energy purposes (without a biogas plant, and the second with a
biogas installation based only on manure. This type of solution is recommended in the
Strategic Plan for Poland as part of the reform of the common agricultural policy [57] and
is consistent with the postulates of mitigating EU climate change, including influencing the
carbon dioxide emission trading system.

A new approach in this work was the economic balance of the investment in a biogas
plant with a cogeneration installation for manure processing, in particular during the energy
and fertilizer crisis (on a case study of a Polish dairy farm). Many investors, fearing an
increase in the prices of materials and services, etc., wonder whether this type of investment
makes sense. As the calculations for a medium-sized farm with dairy production have
shown, these fears are not justified. In addition, owners of dairy farms should take into
account the ecological aspect, which financially (and in terms of perspective and image)
affects future benefits.

2. Materials and Methods

The materials and methods section is divided into 5 parts, as follows:

• The subject and scope of the work and a description of the case study, for which two
basic scenarios were presented to be considered in economic (and indirectly ecological)
terms;

• Methods and formulas for calculating methane and nitrous oxide emissions from
manure (according to international guidelines, this was done using estimation methods
for Polish farms);

• Methods to calculate the carbon dioxide equivalent, emission fees and the adoption of
current average energy prices, which are the basis for economic estimates;

• Laboratory methods for determining biogas efficiency from manure samples taken
from the barn according to international guidelines through periodic tests, the so-called
batch culture;

• Methods and formulas for calculating the estimated energy production as well as the
thermal and electric power of a biogas plant with a cogeneration installation
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2.1. Subject and Scope of the Work and a Description of the Case Study

This publication focuses on calculating energy, as well as economic values and green-
house gas emissions. The input data, which constitute a case study, are taken from a
breeding farm in Wielkopolska (Greater Poland) of an average size for the region. This pa-
per presents the benefits of changing manure management directly as a fertilizer, compared
to using it as a substrate for a biogas plant, and then applying the digestate as a fertilizer. As
part of the calculations, it was shown what size the installation could be created with regard
to the use of the entire mass of manure collected from the barns. The yield of heat and
electricity was presented, as well as the expected reduction of GHG emissions converted
into CO2 equivalent.

The case study is a farm near Poznań (Poland). The held livestock includes about
600 cows and an additional 900 sheep. The farm covers approximately 900 ha of arable
land, almost half of which is intended for fodder purposes. It, in a traditional way for this
part of Europe, manages manure directly as fertilizer. Its decision-makers are aware of
other, more economically and ecologically effective solutions and are considering investing
in biogas plants with the use of manure. This type of modernization and the search for new
solutions are now often considered in similar farms throughout central and eastern Europe.
The estimated calculations presented here may constitute concepts for future investment,
especially in times of increasing energy (and indirectly fertilizing) challenges.

The case study farm is a cowshed feed feeding system operation. This type of feeding
is associated with higher GHG and nitrogen emissions than a grazing system [58,59]. In
simple terms, it consists of feeding cattle mainly with preserved grass silage and other
additives. Everything that goes to the barn and is excreted by animals is first stored, and
then usually transported to and spread upon fallow fields, but usually only twice a year
(in spring and early summer), rarely at other times (in most central and eastern European
countries, this is done from spring to autumn). This means that the manure is stored for a
long time (often improperly), which generates economic losses (deterioration of its quality)
and environmental losses (emissions of GHG and ammonia increase).

The present analyses only cover the issues of comparing the use of manure directly for
fertilization and energy purposes (biogas production) and its impact on GHG emissions,
without taking into account the issues of costs and emissions related to the transport of
material, the costs of the built-up area (for a biogas plant or manure storage), etc.

This work considers two main scenarios of manure utilization:
Scenario I: with manure storage on a heap and use at the right moment as a natural

fertilizer (high GHG emissions). See Figure 1.
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Figure 1. Scheme of Scenario I.

Scenario II: without manure storage, used as a substrate for biogas plants on an
ongoing basis and then, in the form of digestate, used for fertilization (low GHG emissions
and mainly related to CO2; additional profits from energy sales (electricity and heat) and
savings from lower fees for CO2 equivalent emissions). See Figure 2.
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2.2. Determination of Direct CH4 and N2O Emissions from Manure

In order to calculate methane emissions from manure management, national values
for the emission factors for dairy cows were used in accordance with the EU-wide Tier 2
methodology [60]:

EF = VS × D/y × BO × CF × MCF (1)

where:
EF—emission factor;
VS—mean daily amount of volatile excreted solids;
D/y—the number of days (in a year) used in the calculations;
BO—maximum CH4 production capacity of manure per animal and year;
CF—conversion from kg to m3;
MCF—methane conversion factor for manure management system (suitable for cool

climate [61]).
Volatile solids (VS) and the maximum CH4 producing capacity (BO) for cattle were

adopted in accordance with the formulas from the international IPCC reports of 2006 and
2019 [60,61], as well as the national inventory report 2021 [19]. As the calculations are
made only for solid cow manure, the MS coefficient, the manure fraction of the livestock
category, from the original formula was omitted. The calculations of methane emissions
from manure per cow, as well as individual input factors are presented in Table 1.

Table 1. Factors used in the calculation of CH4 emissions from cow manure (source [19]).

Parameters VS D/y Bo CF MCF EF

Unit kg/animal/day days m3 CH4/kg Vs - % kg CH4/animal/year

Value 4.81 365 0.24 0.67 2 5.65

The MFC–methane conversion coefficient for solid manure management systems was
adopted in accordance with the IPCC 2006 report for a cool climate of ≤10 ◦C (Table 1,
0.17–2%) [60]. The IPCC methodology [60] was also used to calculate the direct emissions
of nitrous oxide from cow manure, but the calculations are also based on values from Polish
studies [62,63], in which

N2OD (mm) = Nex × EF3 × CFN (2)

where:
N2OD (mm)—direct N2O emissions from cow manure (kg N2O/animal/year);
Nex—mean value of N excretion per animal and year;
EF3—emission factor for direct N2O emissions from solid cow manure;
CFN—conversion of (N2O−N) (mm) emissions to N2O (mm) emissions.
The parameters and factors for cattle for the estimation of N2O emissions from manure

are given in Table 2.
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Table 2. Parameters and factors of N2O emissions from cow manure (source [19]).

Parameters Nex CFN EF3

Unit kg N/animal/year - kg N2O−N/kg N

Value 70.26 44/28 0.005

Based on the IPCC guidelines, the Nex value for dairy cows was 70.26 kg N/head,
assuming that the N retained by the animal (Nretention) was 0.2 [60].

2.3. Determination of CO2 Equivalent, Emission Allowances and Energy Prices

The carbon dioxide equivalent for methane and nitrous oxide was adopted in accor-
dance with the global warming potential (GWP), for methane wherein the factor was 25
and that for nitrous oxide, 298 [17–19]. In line with global macroeconomic models and
Trading Economics analyst expectations, EU carbon permits are expected to reach EUR
83.74 by the end of this quarter, which is projected to remain somewhat fluctuant in the
coming months [64] (Figure 3). The highest level of EUR 99.22 was achieved by carbon
dioxide emission permits in the EU in August 2022 (Figure 3).
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The calculations assume the auction price of emission allowances from the market on
14 October 2022 amounted to EUR 68.12 per 1 for 1 Mg CO2eq.

The Act of 20 February 2015 on renewable energy sources (the RES Act) caused the
transition from the green certificate system to the auction system. In accordance with
the law for new RES Installations, i.e., those that started generating electricity on or after
1 July 2016 (New Installations), the RES Act introduced new support regimes. This is a
guaranteed electricity price in the form of feed-in tariffs (FiT) for small biogas plants (with
a capacity of less than 0.5 MW) [65]. Currently, this price is at the level of 157 per 1 MWh.
At the market price in the third quarter of 2022, this is PLN 615.28/MWh [66], which, at the
average EUR exchange rate of PLN 4.83/EUR (as of 14 October 2022), is the equivalent of
almost EUR 127.4. The guaranteed amount is therefore only approximately 23% higher than
the market amount. It is not known how the situation will change after December 2022;
from December 1, the maximum electricity price for sensitive entities and micro-, small-
and medium-sized enterprises will be set at PLN 785/MWh, and for household consumers,
after exceeding the consumption limits, at PLN 699/MWh–according to projections of the
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Ministry of Climate [67]. Note: the prices of heat sold on the regional market are usually
around EUR 22 per GJ.

2.4. Investigation of Biogas Efficiency

The methodology for testing the efficiency of biogas produced from substrates is
based on the German guidelines contained in the standards DIN 38414/S8 [49] and VDI
4630 [50]. The cited guidelines are one of the basic methods of assessing biogas prof-
itability. Our Laboratory of Ecotechnology is the first facility in the country to receive
a certificate confirming the high quality of methane fermentation research, issued by
the German organizations Verband Deutscher Landwirtschaftlicher Untersuchungs- und
Forschungsanstalten–VDLUFA [68] and Kuratorium für Technik und Bauwesen in der
Landwirtschaft–KTBL [69].

The volume of biogas and the share of methane produced from the collected manure
samples were determined on the basis of batch culture studies at the Ecotechnology Labo-
ratory of the University of Life Sciences in Poznań (PULS), one of the largest Polish biogas
laboratories.

The biogas efficiency of cow manure was tested in a special 3-chamber reactor. Here,
anerobic digestion processes take place in glass tubes (reactors with a capacity of 2 dm3). A
diagram of an exemplary 3-reactor station is shown in Figure 4.
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Figure 4. Diagram of the test stand for biogas efficiency, the so-called batch culture (3-chamber
reactor): 1—water heater with temperature controller, 2—water pump, 3—insulated water pipes,
4—water bath, 5—fermentation reactor, 6—sampling tubes, 7—biogas transporting pipe, 8—biogas
sampling valve, 9—scaled biogas tank (based on [70]).

Each reactor has a constant temperature of approximately 39 ◦C due to the water bath.
Each test is performed 3 times, always taking approximately 50 g of dry organic mass of
the substrate and this being placed in reactors to which an inoculum of fermenting microor-
ganisms is added. Control samples to compare the course and effects of fermentation are
filled only with the inoculum and run for the same period of time, also in 3 replications.
The bacterial inoculum is the liquid fraction of the digestate supplied from a properly
working fermentation chamber. The volume of generated biogas from the reactors is read
every 24 h. With the help of the Geotech GA5000 automatic multi-parameter device (QED
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Environmental Systems Ltd., Coventry, Uk), a qualitative analysis is then carried out, i.e.,
the proportion of basic gases (i.e., O2; CO2, CH4 and H2S, H2) is determined.

To ascertain the exact production of biogas from a given substrate, the results of each
sample are recalculated by subtracting the volume of gas generated in the control experi-
ments (wherein the substrate is only the inoculum). On this basis, further calculations are
possible to estimate the energy efficiency of the future process and to determine operational
guidelines.

2.5. Biogas Profitability

Profitability calculations are based on the use of manure directly as a fertilizing sub-
stance or as a sole or co-substrate in methane fermentation processing under thermophilic
conditions. We assumed that the biogas plant in the case study will have a biogas storage
facility and a cogeneration installation (CHP), i.e., it will burn the produced biogas in order
to generate electricity and heat for sale.

The amount of electricity (Ee [MWh]) generated in the cogeneration installation formed
from methane (contained in biogas) was determined in accordance with the formula:

Ee = VCH4 × WCH4 × ηe (3)

where:
VCH4—volume of methane produced in the fermentation process (m3);
WCH4—energy value of methane contained in 1 m3;
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Table 3. Factors used for energy calculation [62].

Parameters WCH4 ηe ηt t

Unit kWh/m3 - - h/year

Value 9.968 0.4 0.45 8200

The electric and thermal efficiency of CHP unit indicators are not constant, but char-
acteristic for a given installation and the operating regime of a biogas plant. For the sake
of greater comparability, the values of 0.4 and 0.45 are given for them in Table 3 (which
is possible to achieve in most cases). The operating time of the CHP unit (t) depends
mainly on the technology of generating individual components and the type of biogas
plant equipment. First of all, this is related to the time needed to perform the annual
component service. The operation time of individual biogas plants between servicing is
quite varied and ranges from 7400 to 8400 h per year. As the case study assumes estimates
for a technologically new biogas plant, the value in the upper range, i.e., 8200 h per year,
was adopted.

3. Results

On a deliberate basis, some of the calculations presented in this work are similar or
the same as in other publications. This is a deliberate action that allows a comparison of the
results from the same season of 2021 and the current season of 2022 for similar technologies
and working conditions.

3.1. Emission and Economic Calculations for Scenario I

For the purposes of the analysis of Scenario I—manure storage on a heap and use
at the right moment as a natural fertilizer—calculations were used in accordance with
formulas 1 and 2, assuming that the number of animals, i.e., dairy cows, was 600 units. The
final results are shown in Table 4.

Table 4. Masses of methane and nitrous oxide and conversion to the equivalent of carbon dioxide.

Parameters MCH4 CO2eq-CH4 MN2O CO2eq-N2O

Unit kg CH4/year Mg CO2eq/year kg N2O/year Mg CO2eq/year

Value 3387.70 84.69 331.23 98.71

According to the national fertilization plan for farmland, manure can only be applied
from 1 March to 31 October. As spreading takes place only twice during this period due
to the cultivation, it is kept in a heap on the farm almost the duration. The weight of
fresh manure produced annually amounts to an average of approximately 12 thousand
Mg (i.e., 55 kg/cow and per day). Due to the significant hydration of fresh manure (a
mixture of feces, urine and litter), the emissions calculations refer to the solid manure
fraction (assumptions in line with IPCC reports). According to this approach, for the above-
mentioned period, emissions of carbon dioxide equivalent (as a sum corresponding to
methane and nitrous oxide) would be approximately 183.4 Mg CO2eq (only from the solid
part of the manure). Since nitrous oxide has a 10 times greater impact on global warming,
with almost 10 times lower direct emissions than methane, their masses generated during
the research period do not differ greatly from each other (approximately 85 and 99 Mg
CO2eq/year, respectively).

3.2. Emission and Energy Calculations for Scenario II

Manure methane fermentation is usually quite uniform and takes about 20–24 days.
The length of the fermentation process normally depends on the production technology,
the type and method of laying the litter [71] and the way of feeding the animals (type of
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diet) [72]. However, the resulting product conventionally has a similar composition and is
characterized by a high content of organic matter and nutrients.

The biogas and methane efficiency from the solid fraction of cow farmyard manure, as
well as the basic results of the physico–chemical analysis, including the content of dry mass
(TS) and organic dry mass (VS), as well as the elements of total carbon (C), total nitrogen
(N) and their ratio generated in own laboratory and obtained from three different manure
storage periods [34,36,62], are given in Table 5.

Table 5. The initial parameters and methane productivity of solid fraction of cow manure.

Parameters TS VS N C C:N Biogas
Yield CH4 Ratio CH4 Yield

Unit % FM % TS % TS % TS - m3/Mg FM % m3/Mg FM

Value 24.71 ±
3.19 *

80.20 ±
0.42 * 1.79 37.71 21.07 80.20 ±

0.42 * 56.84 45.58

* Standard deviation.

The first variant of Scenario II consisted in estimating only the yearly volume of biogas
generated from the farm manure. In line with this assumption, we calculated that the
annual amount of produced methane would exceed 549,011.1 m3. This data is presented in
Table 6.

Table 6. Methane production per year from solid fraction of cow manure.

Parameters CH4 Yield No. of Head Manure
Productions D/y CH4

Production

Unit m3/Mg FM animal kg
FM/animal/day days m3 CH4

Value 45.58 600 55 365 549,011.10

In the case of using a cogeneration unit (CHP) for the volume of methane produced, it
is possible to determine the amount of annual electricity and thermal energy production
using Formulas (3)–(6). The results are approximately 2189 MWh (at a capacity of 0.27 MW)
and approximately 2462 MWh (at a power of 0.30 MW), respectively. These figures are
listed in Table 7.

Table 7. Energetic revenue of produced methane.

Parameters Ee Et Pe Pt

Unit MWh/year MW

Value 2189.02 2462.64 0.27 0.30

3.3. Economic Calculations for Scenarios I and II in Years 2021–2022

It should be noted that the input values are mostly rounded in the tables, while the
final values of the calculations result from the PLN to EUR conversion (and are not integers).

For the purposes of comparing the two seasons, input data (Table 8) needed to pre-
pare the final economic balance for the comparative years 2021 and 2022 are presented.
14 October in both years (2021 and 2022) was assumed as the comparative date (needed to
determine the conversion rate to euro, amounts of subsidies in the FiT tariff, manure costs,
etc.). The reference interest rates were taken from the official data of the National Bank of
Poland [73]. The volume of energy sold took into account the biogas plant’s own needs,
which amounted to 8% for electricity (e.g., for powering installations, control, etc.) and 15%
for heat (e.g., for heating fermenters and social rooms, etc.).
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Table 8. Input data for Scenarios I and II in years 2021–2022.

Components and Units
Scenario I Scenario II

2021 2022 2021 2022

Mass of Manure, thou. Mg/y 12,045 12,045
Mass of Digestate, thou. Mg/y 11,346 11,346
Manure as fertilizer, EUR/Mg 13 17

Digestate as fertilizer, EUR/Mg 10 21
Revenue or Cost of Manure, thou. EUR/y 157,898 199,503 −157,898 −199,503

Revenue of Digestate, thou. Mg/y 111,554 234,912
Revenue of sold electricity, EUR/y 334,403 316,886

Revenue of sold heat, EUR/y 82,321 162,519
Cost of Biogas Plant, EUR/y −1,282,499 −1,293,996
Amortization costs *, EUR/y −131,803 −182,113
All operating costs **, EUR/y −71,751 −75,317

* Ten years plant amortization, interest rate reference: 6.75 (as of 14 October 2022) and 0.5 (as of 14 October 2021);
amortization of fixed assets using the straight-line method. ** Costs of external service of the fermentation section
and cogeneration unit, technological supervision, insurance, ongoing service.

Based on the presented results, it can be concluded that the investment outlays for
biogas plants were similar in 2021 and 2022, which is mainly due to the variability of the
Euro exchange rate and the return (in October 2022) of the prices of many investment
components to a level not much higher than in recent months of the previous year. In
contrast, operating costs, mainly related to the operation and maintenance of the installation,
increased significantly during the year by as much as EUR 4000. Moreover, amortization
costs in 2022 increased significantly compared to the previous year, mainly due to the
reference interest rate being almost 14 times higher (from 0.5% to 6.75%), year-on-year.

From the investor’s point of view, the most important calculations are in Table 9. This
table includes calculations of costs and revenues, as well as the final profit after tax (18%).

Table 9. Economic balance for Scenarios I and II in years 2021–2022.

Components
and Units

Scenario I Scenario II

2021 2022 2021 2022

All Costs *,
EUR/y −€361,452.00 −€456,933.00

All Revenue,
EUR/y €157,898.00 €199,503.00 €528,278.00 €714,318.00

Profit after tax,
EUR/y €129,477.00 €163,593.00 €136,797.00 €211,056.00

Payback period,
years 9 6

* All Costs are the sum of all operating costs and amortization plus cost of manure.

Comparing the streams of costs and revenues, these two components increased their
value in direct proportion to both scenarios over the year, for Scenario I, by about 60,000 eu-
ros, and for Scenario II, by about EUR 185,000. In turn, the difference in revenues per year is
approximately 34,000 and 74,000 for Scenarios I and II, respectively. Profit in Scenario I for
the following years amounts to approximately EUR 7300, and for Scenario II–approximately
EUR 47,500.

This meant a significantly better financial result in the perspective of 10 years. Indeed,
the investment in a biogas plant in 2021 would theoretically have a chance to pay back after
approximately 9 years. Of note, the same investment made a year later would be paid off
3 years earlier (the payback period being approximately 6 years). Hence, for both scenarios
(SI and SII), the more economically justified solution is to invest in biogas plants and use
digestate for fertilization purposes, rather than to practice manure storage and periodic
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fertilization. The increase in revenues related to the selection of the 2nd year-on-year
scenario was as much as 29%.

If, on the other hand, the fees for the annual production of carbon equivalent were
taken into account, then the total costs in Scenario I would include a fee for 183.4 Mg CO2eq,
with the cost of emission allowances being EUR 61.41 and 68.12 for 1 Mg CO2eq (for 2021
and 2022, respectively). In the period of mutually exclusive aspects—the energy crisis and
the need to protect the climate—calculations were made taking into account additional
costs incurred by the livestock farm related to the payment of emission allowances. This is
found in Table 10.

Table 10. Economic balance for Scenarios I and II in years 2021–2022–including CO2eq emission
allowances.

Components and
Units

Scenario I Scenario II

2021 2022 2021 2022

Costs of emissions
allowances, EUR/y −€11,262.59 −€12,493.21

All Costs *, EUR/y −€351,630.00 −€456,933.00
All Revenue, EUR/y €157,898.00 €199,503.00 €528,278.00 €714,318.00

Profit after tax, EUR/y €120,241.00 €153,348.00 €144,851.00 €211,056.00
Payback period, years 9 6

* All Costs are the sum of all operating costs and amortization plus cost of manure.

In 2021, the fees related to carbon emissions allowances would cause losses of over
EUR 11,000, and almost EUR 12,500 in 2022. Such large fees would translate into a greater
difference in profits each year, in the case of the construction of a biogas plant in 2021, by
over EUR 16,500, and in 2022, by over EUR 57,700, i.e., by approximately 13.8% and 37.5%,
respectively.

4. Discussion

Solutions based on technologically advanced manure management methods are gain-
ing more and more importance, especially in the developing eastern (and partly central) part
of Europe in terms of their contribution to achieving climate neutrality by 2050. Table 11
presents the practices limiting CH4 and N2O emissions in descending order. Primary
ways of mitigating emissions include replacing fossil fuel usages, avoiding CH4, N2O leak-
age from manure, producing green fertilizers to replace chemicals, applying high carbon
fertilizers, enhancing soil carbon storage and utilizing carbon capture and storage.

Table 11. Methane and missions reduction on potential of various strategies of the manure affecting
(based on [6,27] and MilKey + MELS projects [74,75]).

Strategy Affecting the Manure
Potential Effect of Mitigation *

CH4 N2O

Methane fermentation + +
Frequent removal and daily spread + +

Decreased storage time + +
Increased productivity + ~

Pasture-Based Management + ~
Composting + ~

Manure Drying Practices + ~
Covers, Natural or Induced Crusts + ~

Compost Bedded Pack Barns + ~
Solid-liquid separation + ~
Nitrification inhibitors x +

Reduced dietary protein x ~
* + = ≥30% mitigating effect; ~ = 10–30% mitigating effect; x—no data.
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According to many studies carried out on the mitigation of greenhouse gas emissions
(refs. [6,27] and MilKey + MELS projects [74,75]), the most effective treatments (compared
to many months of storage and transport of raw manure to the field) are primarily: anaer-
obic digestion (highly advanced technology, relatively expensive investment, but with a
fast payback period) or frequent removal and daily spread (simple method, very time-
consuming and inconvenient, rarely possible due to the method of cultivation). The first
three practices listed in the table have one thing in common, namely the quick removal of
manure from the barn and its quickest management.

The aspect of mitigating emissions through increased productivity can be quite con-
troversial. On the one hand, it may mean reducing or not increasing the herd, but on the
other hand, it is directly related to the unit milk production per cow. This solution, in turn,
causes higher feed consumption by cows, which results in higher intestinal methane (CH4)
emissions [11].

Composting methods are fairly simple to use and almost completely eliminate the
formation of CH4. However, the situation is different in the case of N2O and odorogenic
ammonia, which are released in significant amounts. There are also studies which indicate
that in manure storage, less greenhouse gases (GHG) may be emitted in total than from
composting, even 2.7 times less [76,77]. However, composting and storage conditions
are so different that studies can be found in which N2O and CH4 emissions were signifi-
cantly higher from stored manure (without aeration and shifting) than from composted
manure [32]. Still, the composting process has some advantages; part of the generated
energy can be recovered [78,79] and, at the same time, additives reducing emissions can be
used that increase the fertilizing quality of the compost [80–82].

Although the most promising technology, especially in the case of GHG emissions
from the solid fraction or farmyard manure (mixture of feces, urine and straw), seems to be
anaerobic digestion, it is not the most efficient substrate in itself, as its biogas productivity
is low [83,84]. Several scientific reports indicate a low efficiency of methane fermentation in
relation to manure. This is due to the lack of easily decomposed substances at this stage, as
these have already been used up by the microbes in the cow rumen. It can be assumed that
up to 50% of the solids are undigested elements containing mainly cellulose, hemicellulose
and lignin [83], which are difficult to decompose during methane fermentation [85,86].

Due to these aspects, manure is also often combined with other agricultural waste
or by-products. The easy and energetically justified use of straw as a co-substrate for
biogas plants in particular is often indicated, e.g., corn straw [43,87–89], cereal straw [34,90]
or other. This type of additive has the great advantage that it is readily available and
does not enter into a sharp conflict between fuel or food production [40,91]. Therefore,
clear indications from an energy and ecological point of view exist for the use of manure
in anaerobic digestion processes. Nevertheless, in order to make a decision to start an
investment, the overriding motivator is economic calculation.

This publication attempts to calculate the power, electricity and heat production of a
biogas plant with a cogeneration unit, together with an estimate of the avoided greenhouse
gas emissions that would take place during traditional manure management. The outcome
of our work demonstrates that, in using manure for biogas purposes, it is possible to
generate annual revenues in the amount of EUR 7300 to even more than EUR 47,500 (if the
investment started in 2021 or 2022, respectively). This means 30% more profit per year. For
the same period, but taking into account the emission rights, the above-mentioned profit
would increase to approximately EUR 16.6 thousand and EUR 57.7 thousand which, in
terms of percentage, is 13.7% to 37.6%, respectively, for the years 2021 and 2022.

In this study, only the current prices and fees are included in the presented publi-
cations. However, based on the current prices and forecast—the dotted line in the chart
(Figure 5)—we should expect even higher electricity prices, and, therefore, greater prof-
its from investment in a biogas plant with a cogeneration unit (producing, among other
products, electricity).
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Figure 5. Chart: average quarterly price of electricity not subject to the public sale obligation
[Euro/MWh], forecast using a 3rd degree polynomial: the dotted line (based on data from the energy
regulatory authority).

The prices of CO2eq emission allowances also influence the profit from biogas plants,
albeit to a lesser extent than the prices of electricity generation. According to Figure 3
(presented earlier), despite the upward trend, one should not expect such large fluctuations
in value as seen recently (stabilizing mechanisms are to be introduced), contrary to the
forecasts described in other work [62]. This is not certain, however, as there has been a
significant volatility of these fees in recent years; at the beginning of 2021, the entitlements
were at the level of approximately EUR 31 (after 3 months, already newly valued at approxi-
mately 49), and a year later they tripled their value, being 99.22 in August of 2022 [64]). Any
longer-term growth, or even stabilization (the outcome being that the difference between
the cost of energy and allowances will increase) gives additional economic benefits to an
investor owning a biogas plant.

A similar study [62], based on similar calculations, also demonstrated that the use
of manure for biogas purposes will bring more benefits on all levels than its traditional
use. The revenues generated in those calculations differed between Scenarios I and II by
approximately EUR 150,000. Even with a computing power of approximately 0.12 MW,
which is more than two times less than in the case of discussed in this publication (0.27 MW),
it was possible to achieve very high revenues of EUR 215 thousand. This is over EUR
70,000 a year more than in the calculation from this publication (EUR 144,851). However,
in the previous one, insurance and tax costs were not taken into account at this stage,
which would have resulted in an approximately similar amount. In the case of Scenario II
described therein (0.5 MW), or with the addition of cereal straw, the gross profit amounted
to approximately EUR 518,000. However, this value is difficult to compare because it
involved almost twice the size of a biogas plant, and this generated proportionally higher
income at a slightly higher cost. In this publication, based on the same farm size, quite
similar costs were assumed for electricity and heat, as well as manure and digestate. In the
case discussed above, the power of this biogas plant with a cogeneration unit was calculated
at 500 kW and the profitability analyses assumed revenues from milk production. Moreover,
the input to the biogas plant was partly straw. However, the amounts provided for service
and depreciation were quite similar to those adopted for 2021 in these calculations (they
differed by approximately EUR 1000 and EUR 7000, respectively).
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As there are no standardized data in the literature that could be easily and unequivo-
cally compared, e.g., GHG emissions per 1 m3 or 1 Mg of cow manure, it was necessary
in the current publication to use international IPCC methodology [61] and national in-
dicators [19]. The reason for this approach is the large diversity and number of factors
influencing the emissions from the farmyard manure, including physico–chemical proper-
ties and qualitative composition of the manure, temperature and humidity of the outside
air (surrounding the stored manure), as well as the intensity and speed of wind, the type
and speed of natural crust formation on the surface of the stored manure, as well as the
length of the storage period and the number of transports to the field [69].

Publications containing data on GHG emissions are proof of the correctness of the
above statements. Although, as in the current publication, they also confirm the benefits of
using anaerobic digestion processes together with a cogeneration unit for efficient manure
management, the data on individual emissions are specific to each case.

The estimated annual GHG emission of the entire farm was from 2.5 to 5.8 Mg CO2eq
per cow [92,93], while in the current publication, with the total emission from the farmyard
manure (a mixture of feces, urine and straw), it was approximately 0.3 Mg CO2eq per head
of cattle. This is about 10 times less, but enteric fermentation and other indirect emissions
were not included here. The differences in intestinal and other emissions in relation to the
emissions from manure account for about a dozen percent [94,95], which would confirm the
correctness of the estimates adopted in this study only for the lower values from the range
given above. Even higher values can be found in other studies. For example, in “Recording
Dairy Cattle Methane Emission for Genetic Evaluation” [96], the given figure is 15 m3

CH4/Mg of manure (manure emission is 20% of biogas efficiency). Such a conversion factor
would suggest a multiple lowering of the total value per carbon dioxide equivalent, both
for the current publication and the previously cited data. However, it should be noted that
the data is often given for cow manure, without specifying what type of manure it is (solid
or liquid fraction; a mixture of feces, urine and straw, etc.). The lack of such a description
means that the comparisons in the emissions generated are very rough. More unequivocal
results are obtained from the conversion of the total values of CH-C emissions, which, in
the studies [97], were determined on average at approximately 0.54 kg C/Mg, which would
mean approximately 0.6% in relation to the initial weight of the stored manure. This value
would give the result for the input data of this work to be about 2.8 Mg CH4/year. The
total mass of methane calculated was less than 3.4 Mg/year, which could be considered an
acceptable amount.

When using the above advanced conversion factor in other sources, a fairly wide range
of CH4–C losses during manure storage can be found. Values therein are between 0.4% and
9.7% of the initial carbon content in cattle feces [98]. The results of the current calculation
fall within the above range. The same authors of the studies, however, present results
which show that most of the experiments indicate a much narrower range, namely 1.8–4.4%.
Additionally, the authors found that only the initial phase of the method of covering and
compacting manure heaps is relevant for methane emissions [98]. Much more effective is
frequent rotation and thus aeration and loosening of the heap (free access of oxygen to the
entire volume of the manure), which allows only approximately 0.5% loss of the starting
carbon content in the manure [32,99].

Apart from the several factors mentioned earlier [100–102], the possibility of complete
or partial decomposition of antibiotics contained in manure as a result of methane fermen-
tation deserves special attention. There are indications that direct application of manure,
usually containing some amounts of antibiotics used in animal production, results in an
uncontrolled release of drugs into the environment. This phenomenon is considered to
be the main cause of the formation of the so-called “super worms” resistant to all known
antibiotics [34].
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5. Conclusions

Based on the presented calculations and considerations, the following conclusions can
be drawn:

1. A more advantageous solution for manure management is its direct use in a biogas
plant with a cogeneration unit, and then the use of the digestate for fertilization purposes
(Scenario II);

2. The benefits resulting from the above-mentioned solution relate to all the considered
aspects, i.e., economic, energy and ecological;

3. The energy (and fertilizer) crisis resulted in a significant increase in the prices of
energy and fertilizers, which caused the payback period for Scenario II to shorten from 9 to
6 years during the calculation year. Moreover, the revenues from this would increase by
over EUR 70,000 (compared to the investment in 2021);

4. With a further increase in energy prices, an even shorter payback period can be
assumed, regardless of the amount of emission allowances;

5. Maintaining a herd at a level of 600 dairy cows with a guarantee of return on
investment of less than 10 years, without the need to add other substrates, and regardless
of the crisis situation in Europe, is viable;

6. As biogas is a biofuel that enables GHG reductions, calculating avoided emissions
can be an important aspect in determining the LCA or carbon footprint of dairy products;

7. A biogas plant, as a renewable energy source, fully complies with the idea of sustain-
able development and should be considered as a possible source of energy diversification
in times of energy crisis.

Funding: The work was financed by the National Center for Research and Development as a
“Decision support system for sustainable and greenhouse gas-optimized milk production in key areas
of Europe” project no. SUSAN/II/MILKEY/02/2020, Acronym: MilKey, No. ICT AGRI 3 ID 39288.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This publication was made thanks to 2018 Joint Call FACCE ERA-GAS, SusAn
and ICT-AGRI2 on “Novel technologies, solutions and systems to reduce greenhouse gas emissions
in animal production systems” of the project “Decision support system for sustainable and GHG
optimized milk production in key European areas” No. ICT-AGRI-3 ID 39288, Acronym MilKey, and
was carried out as part of research at the Poznan University of Life Sciences.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Eisen, M.B.; Brown, P.O. Rapid Global Phaseout of Animal Agriculture Has the Potential to Stabilize Greenhouse Gas Levels for

30 Years and Offset 68 Percent of CO2 Emissions This Century. PLoS Clim. 2022, 1, e0000010. [CrossRef]
2. FAO—News Article: Key Facts and Findings. Available online: https://www.fao.org/news/story/en/item/197623/icode/

(accessed on 22 October 2022).
3. Twine, R. Emissions from Animal Agriculture—16.5% Is the New Minimum Figure. Sustainability 2021, 13, 6276. [CrossRef]
4. Friedlingstein, P.; O’Sullivan, M.; Jones, M.W.; Andrew, R.M.; Hauck, J.; Olsen, A.; Peters, G.P.; Peters, W.; Pongratz, J.;

Sitch, S.; et al. Global Carbon Budget 2020. Earth Syst. Sci. Data 2020, 12, 3269–3340. [CrossRef]
5. Hayek, M.N.; Harwatt, H.; Ripple, W.J.; Mueller, N.D. The Carbon Opportunity Cost of Animal-Sourced Food Production on

Land. Nat. Sustain. 2021, 4, 21–24. [CrossRef]
6. Grossi, G.; Goglio, P.; Vitali, A.; Williams, A.G. Livestock and Climate Change: Impact of Livestock on Climate and Mitigation

Strategies. Anim. Front. 2019, 9, 69–76. [CrossRef] [PubMed]
7. Piwowar, A. Farming Practices for Reducing Ammonia Emissions in Polish Agriculture. Atmosphere 2020, 11, 1353. [CrossRef]
8. Roubík, H.; Mazancová, J. Suitability of Small-Scale Biogas Systems Based on Livestock Manure for the Rural Areas of Sumatra.

Environ. Dev. 2020, 33, 100505. [CrossRef]
9. Xu, X.; Sharma, P.; Shu, S.; Lin, T.-S.; Ciais, P.; Tubiello, F.N.; Smith, P.; Campbell, N.; Jain, A.K. Global Greenhouse Gas Emissions

from Animal-Based Foods Are Twice Those of Plant-Based Foods. Nat. Food 2021, 2, 724–732. [CrossRef]

http://doi.org/10.1371/journal.pclm.0000010
https://www.fao.org/news/story/en/item/197623/icode/
http://doi.org/10.3390/su13116276
http://doi.org/10.5194/essd-12-3269-2020
http://doi.org/10.1038/s41893-020-00603-4
http://doi.org/10.1093/af/vfy034
http://www.ncbi.nlm.nih.gov/pubmed/32071797
http://doi.org/10.3390/atmos11121353
http://doi.org/10.1016/j.envdev.2020.100505
http://doi.org/10.1038/s43016-021-00358-x


Energies 2022, 15, 8867 17 of 20

10. Villarroel-Schneider, J.; Höglund-Isaksson, L.; Mainali, B.; Martí-Herrero, J.; Cardozo, E.; Malmquist, A.; Martin, A. Energy
Self-Sufficiency and Greenhouse Gas Emission Reductions in Latin American Dairy Farms through Massive Implementation of
Biogas-Based Solutions. Energy Convers. Manag. 2022, 261, 115670. [CrossRef]

11. Little, S.M.; Benchaar, C.; Janzen, H.H.; Kröbel, R.; McGeough, E.J.; Beauchemin, K.A. Demonstrating the Effect of Forage Source
on the Carbon Footprint of a Canadian Dairy Farm Using Whole-Systems Analysis and the Holos Model: Alfalfa Silage vs. Corn
Silage. Climate 2017, 5, 87. [CrossRef]

12. Thoma, G.; Popp, J.; Shonnard, D.; Nutter, D.; Matlock, M.; Ulrich, R.; Kellogg, W.; Kim, D.S.; Neiderman, Z.; Kemper, N.; et al.
Regional Analysis of Greenhouse Gas Emissions from USA Dairy Farms: A Cradle to Farm-Gate Assessment of the American
Dairy Industry circa 2008. Int. Dairy J. 2013, 31, S29–S40. [CrossRef]

13. Vellinga, T.V.; de Vries, M. Effectiveness of Climate Change Mitigation Options Considering the Amount of Meat Produced in
Dairy Systems. Agric. Syst. 2018, 162, 136–144. [CrossRef]

14. Gross, A.; Bromm, T.; Polifka, S.; Schierhorn, F. The Carbon Footprint of Milk during the Conversion from Conventional to
Organic Production on a Dairy Farm in Central Germany. Agron. Sustain. Dev. 2022, 42, 37. [CrossRef]

15. de Vries, M.; de Boer, I.J.M. Comparing Environmental Impacts for Livestock Products: A Review of Life Cycle Assessments.
Livest. Sci. 2010, 128, 1–11. [CrossRef]

16. Salcedo, G.; García, O.; Jiménez, L.; Gallego, R.; González-Cano, R.; Arias, R. GHG Emissions from Dairy Small Ruminants in
Castilla-La Mancha (Spain), Using the ManleCO2 Simulation Model. Animals 2022, 12, 793. [CrossRef] [PubMed]

17. Wang, C.; Amon, B.; Schulz, K.; Mehdi, B. Factors That Influence Nitrous Oxide Emissions from Agricultural Soils as Well as
Their Representation in Simulation Models: A Review. Agronomy 2021, 11, 770. [CrossRef]

18. Measuring Emissions: Detailed Guide 2020. Available online: https://environment.govt.nz/publications/measuring-emissions-
detailed-guide-2020/ (accessed on 23 October 2022).

19. Poland. 2021 National Inventory Report (NIR) | UNFCCC. Available online: https://unfccc.int/documents/274762 (accessed on
23 October 2022).

20. US EPA, O. Overview of Greenhouse Gases. Available online: https://www.epa.gov/ghgemissions/overview-greenhouse-gases
(accessed on 23 October 2022).

21. Ritchie, H.; Roser, M.; Rosado, P. CO2 and Greenhouse Gas Emissions. Our World Data 2020. Available online: https://
ourworldindata.org/greenhouse-gas-emissions (accessed on 23 October 2022).

22. Gerber, P.J.; Food and Agriculture Organization of the United Nations (Eds.) Tackling Climate Change through Livestock: A Global
Assessment of Emissions and Mitigation Opportunities; Food and Agriculture Organization of the United Nations: Rome, Italy, 2013;
ISBN 978-92-5-107920-1.

23. Gerber, P.J.; Hristov, A.N.; Henderson, B.; Makkar, H.; Oh, J.; Lee, C.; Meinen, R.; Montes, F.; Ott, T.; Firkins, J.; et al. Technical
Options for the Mitigation of Direct Methane and Nitrous Oxide Emissions from Livestock: A Review. Animal 2013, 7, 220–234.
[CrossRef]

24. Sommer, S.G.; Feilberg, A. Gaseous Emissions of Ammonia and Malodorous Gases. In Animal Manure Recycling; John Wiley &
Sons, Ltd.: Amsterdam, The Netherlands, 2013; pp. 131–151, ISBN 978-1-118-67667-7.

25. Zhang, X.; Lassaletta, L. Manure Management Benefits Climate with Limits. Nat. Food 2022, 3, 312–313. [CrossRef]
26. Köninger, J.; Lugato, E.; Panagos, P.; Kochupillai, M.; Orgiazzi, A.; Briones, M.J.I. Manure Management and Soil Biodiversity:

Towards More Sustainable Food Systems in the EU. Agric. Syst. 2021, 194, 103251. [CrossRef]
27. US EPA, O. Practices to Reduce Methane Emissions from Livestock Manure Management. Available online: https://www.epa.

gov/agstar/practices-reduce-methane-emissions-livestock-manure-management (accessed on 23 October 2022).
28. Shan, N.; Li, H.; Li, J.; Ng, E.L.; Ma, Y.; Wang, L.; Chen, Q. A Major Pathway for Carbon and Nitrogen Losses—Gas Emissions

during Storage of Solid Pig Manure in China. J. Integr. Agric. 2019, 18, 190–200. [CrossRef]
29. Krapac, I.G.; Dey, W.S.; Roy, W.R.; Smyth, C.A.; Storment, E.; Sargent, S.L.; Steele, J.D. Impacts of Swine Manure Pits on

Groundwater Quality. Environ. Pollut. 2002, 120, 475–492. [CrossRef] [PubMed]
30. Aguirre-Villegas, H.A.; Larson, R.A. Evaluating Greenhouse Gas Emissions from Dairy Manure Management Practices Using

Survey Data and Lifecycle Tools. J. Clean. Prod. 2017, 143, 169–179. [CrossRef]
31. Glossary:Fertiliser. Available online: https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Fertiliser

(accessed on 24 October 2022).
32. Amon, B.; Amon, T.; Boxberger, J.; Alt, C. Emissions of NH3, N2O and CH4 from Dairy Cows Housed in a Farmyard Manure

Tying Stall (Housing, Manure Storage, Manure Spreading). Nutr. Cycl. Agroecosyst. 2001, 60, 103–113. [CrossRef]
33. Petersen, S.O.; Blanchard, M.; Chadwick, D.; Del Prado, A.; Edouard, N.; Mosquera, J.; Sommer, S.G. Manure Management for

Greenhouse Gas Mitigation. Animal 2013, 7, 266–282. [CrossRef]
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41. Sefeedpari, P.; Pudełko, R.; Jędrejek, A.; Kozak, M.; Borzęcka, M. To What Extent Is Manure Produced, Distributed, and Potentially
Available for Bioenergy? A Step toward Stimulating Circular Bio-Economy in Poland. Energies 2020, 13, 6266. [CrossRef]
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