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Abstract: Bioenergy production from animal waste can be a key driver to achieving bio-economy
goals. Developing a bio-economy sector could help to create opportunities for a circular system
where not only people and the planet will be benefited, but it will also provide economic profitability
to farmers, especially in the post-Covid period. To this end, manure production, its nutrient content,
and bioenergy potential were estimated, along with their spatial distribution in the Lubelskie province,
Poland. Farm-level data were processed and aggregated at the municipality level. Material balance
equations were used to calculate the theoretical potential of livestock manure and bioenergy for
different use scenarios: (1) Baseline (BC): direct manure application to land, which was compared
against (2) Anaerobic Digestion (AD): anaerobic digestion to biogas with digestate returned to the
fields (3) AD + Separation (AD + Sep): mechanical separation followed by anaerobic digestion,
and (4) Surplus + AD: surplus manure (after application to the fields) is sent to anaerobic digestion.
Manure, biogas, electricity, and thermal energy production of the AD scenario were estimated
to be 7.5 Mt y−1, 378 Mm3 y−1, 907 GWe y−1, and 997.8 GWth y−1, respectively. The scenario,
including mechanical separation followed by anaerobic digestion (AD + Sep), contributed to avoiding
emissions to the largest extent (1 Mt CO2 eq), whereas AD outperformed the others in avoiding
costs of fertilization. According to the estimated potential and the environmental cost-effectiveness
of AD, new plants can be established that will recycle manure through bioenergy production, and,
subsequently, the digestate can be applied as organic fertilizer, closing the nutrients cycle.
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1. Introduction

1.1. Manure Treatment for Sustainable Agriculture and Livestock Sectors

The agriculture and livestock sectors may contribute to realizing the transition from a fossil-based
to a renewable, bio-based economy. Bioenergy is renewable energy generated from biomass resources,
such as animal manure, in the form of electricity, gas, fuel, etc. [1]. A bioenergy carrier that currently
gains much attention is biogas.

The current Covid-19 pandemic in 2020 has already driven most countries to shut down their
economy, which may impact the global food system in various ways, among them management and
treatment of waste from livestock farms. A direct impact of this situation is that a large part of the
world’s countries can be recognized in the enhancement of domestic products, which will necessitate the
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circular agriculture to be adapted to the current situation of farming activities. Therefore, bio-economy
may enhance the resilience of livestock farming in the post-Covid 19 era through on-farm cycling
of nutrients and soil improvement by enriching soil organic matter and minimizing environmental
pollution [2]. Hence, it is time to rethink and restructure the strategies for more local solutions
combined with a broader and longer-term perspective [3].

In addition, efficient measures to limit unfavorable environmental impacts, such as greenhouse
gases (GHG) emissions and ammonia emission from manure, are needed; however, only part of the
generated manure can be treated as a source of bioenergy. The added value from the use of manure
can be created in different ways in the forward chain, e.g., bioenergy production, such as anaerobic
digestion (AD) for biogas production [1]. Estimation of bioenergy potential is the starting point for
identifying the added value [4,5]. Besides the electricity and heat energy, an important contributor
to the added value of AD is the digestate by-product, which has an impact on the viability of AD
projects [6].

1.2. Bioeconomy Potential in Poland

In Poland, there is no strategic document dedicated to bioeconomy [7]. Thus, following up
the Polish bioeconomy development is difficult. Poland has already taken big steps towards this
new concept of economy; however, bioeconomy indicators are still in their infancy. In this respect,
Polish inventions are very rarely converted into commercial products [7].

Recent initiatives, such as The Central-Eastern European Initiative for Knowledge-based
Agriculture, Aquaculture and Forestry in the Bioeconomy—BIOEAST, argue that an east-west divide
exists in the EU, resulting in slower development of bioeconomy in eastern EU countries. This is due to
the fact that these countries serve mainly as raw material providers for big companies in the west and
have limited access to research. Developing bioeconomy strategies for these countries can contribute to
overcome existing or perceived geographical imbalances and better exploit the untapped potential [8].

In a recent study, Polish bioeconomy sectors were analyzed, and fully bio-based sectors, such as
the agriculture and food sectors, were identified for their higher potentials to induce knock-on effects
in the economy [9].

In Poland, a high potential of biogas production was identified by Igliński et al. [10],
Igliński et al. [11], and Muradin and Foltynowicz [12]. Due to the decision of the Council of
Ministers adopted on 13 July 2010 [13], Poland established a target of 125 GWh of electricity and
200 GWh of thermal energy from agricultural AD plants by 2020. Despite the optimism triggered by
the Renewable Energy Sources Act (2015) [14] for the biogas industry take-off, Poland is still far from
the aforementioned targets, mainly due to insufficient government funding and support.

However, the rescue plan for existing installations, as well as planned investments, is to combine
the use of manure and low cost industrial substrates with high biogas yields [15]. The national energy
and climate plan for the years 2021–2030 [16] indicates renewable energy development directions in
Poland, considering the possibility of producing annually 7.8 billion m3 of biogas from agricultural
sources. The role of biogas is emphasized not only for energy generation but also for solving problems
of waste and energy storage [17].

Grain production in Poland has followed a rising trend, amounting to 31 megaton (Mt) by 2016.
This trend, as well as the lower price, the simplicity of application and fast acting characteristics
of chemical fertilizers, have resulted in the higher use of synthetic rather than organic fertilizers;
hence, the demand for livestock manure has reduced [18]. In view of a sustainable circular bioeconomy,
one of the main uses of livestock manure is as a fertilizer. Manure can be processed in anaerobic
digestion plants, and the produced digestate can be treated and considered as a source of organic
fertilizer [19]. In order to avoid N-immobilization in the soil, a pre-treatment method prior to land
application of manure is required. Solid-liquid separation of the effluent and composting of the solid
part is widely applied around the world [20].
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1.3. Estimation of Manure Production and Potential

Since the basic feedstock fed into agricultural biogas plants is manure (60% to 100% of
feedstock mass) [21], an accurate estimation of the livestock manure and its distribution is of
paramount importance for the future planning and optimization of bioenergy production [5].
In this respect, Piwowar et al. [21] estimated an increase in production of agricultural biogas in
2011–2014 by 137.29 million m3 (equal to 274.58 GWh). It was reported that Lubelskie province,
with 11.71 MW, is among the regions with relatively high capacity for biogas production after Pomorskie
(21.41 MW), Warmińsko-Mazurskie (15.62 MW), Wielkopolskie (15.31 MW), Dolnośląskie (14.4 MW),
and Kujawsko-Pomorskie (14.02 MW). Igliński et al. [11] estimated the technical potential of biogas
from different biomass sources in Poland. According to their study, contribution of animal droppings
including cattle slurry, pig slurry, and poultry manure (25.19 PJ) is much higher than of other biomass
sources (14.25 PJ). The central provinces showed the greatest potential due to larger livestock farms.
According to the estimation by Igliński et al. [11], the theoretical annual biogas potential in Poland for
cattle slurry was 3646 million m3, for pig slurry was 2581 million m3, and for poultry manure was
717 million m3, while, for municipal solid waste and maize, this potential was reported to be 100 and
1044 million m3, respectively.

The works carried out under the BioBoost project (7FP) have shown that in the case of Poland,
as well as in many other European countries, the entire theoretical potential of manure can be used in
agriculture [22], i.e., there is a possibility of its use as a fertilizer, whereas, at the regional level, the dose
of 170 kg N ha−1 would not be exceeded (in accordance with the restriction indicated in the EU Nitrates
Directive) [23]. In connection with the above, the question that is important for bioeconomy is whether
the more sustainable form of manure management is its direct ploughing in the field, or the production
of biogas and secondary management of digestate as a soil amendment. It must be noted that the
calculated values within this study depend on coefficients and unpredictable fluctuating variables set
out as constant to enable the assessment, which may make the analysis prone to uncertainties. In order
to tackle the uncertainty, one solution is to conduct the analysis at a finer level, i.e., the farm level.
A thorough search of the relevant literature yielded no study on the production of livestock manure
using farm-level data. To fill this gap, we opted for a bottom-up approach to estimate the bioenergy
potential and fertilizing value; meanwhile, analyzing the environmental and economic added value
in Lubelskie.

On this basis, the objective of this study was to estimate manure production (from dairy
cattle and pig population), its nitrogen and phosphorus content, as well as other characteristics of
manure, along with its corresponding biogas potential (electricity and heat generated from manure),
using farm-level data. This study also provides an assessment of spatial distribution of livestock
manure. Thus, the policy making process at regional level will be supported by more detailed and
up-to-date estimates than previous studies available for the Lubelskie province (i.e., Reference [4]).

Another important aspect of this work is drawing attention to the currently emerging possibilities
of analyzing and modeling real data describing current food production, its dynamics, and associated
waste generated over time. This work also fills the gap in publishing the results of spatial analyses based
on “raw” public data collected in order to provide direct support to food producers. The presented
approach to data processing shows the possibility of generating scenarios that can be directly used to
support decisions aimed at development of renewable energy sources.

2. Material and Methods

2.1. Data Collection and Description of the Case Study

Data were obtained from the database of the Agency for Restructuring and Modernization of
Agriculture (ARMA). The Agency was established in 1994 with the aim to support agriculture and
rural development in Poland. Following Poland’s decision to join the European Union, ARMA has
been designated by the Government to perform the role of an accredited paying agency. Therefore,
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it continuously obtains data from farmers regarding agricultural production. This information
was initially developed and pre-processed for the needs of the Ministry of Agriculture and Rural
Development, as part of the long-term programme implemented at the Institute of Soil Science and
Plant Cultivation—State Research Institute (IUNG-PIB).

The Lubelskie province (voivodeship), located in the eastern part of Poland, is one of the
nomenclature of territorial units for statistics (NUTS)-2 administrative units of Poland (overall,
there are 16 provinces in Poland). It is the third largest province by area (2.5 million ha), divided into
20 districts (poviats) and 211 NUTS-5 units. The main economic activity of the region is crop and
livestock farming, thanks to the good soil and climate conditions, as well as well-developed food
production infrastructure. The agricultural area of the province constitutes 66% of the total area, out of
which 75% is dominated by arable land. Although the province represents a proper natural arena
for the development of biogas plants, the small sized and highly fragmented farms over the region
withstand the development of decentralized (on-farm) biogas plants. In the last decade, large scale
biogas plants were established in the Lubelskie province. It has been reported that 7 biogas plants are
operating in this province, with total capacity of 9859 kWel in 2019 (average of 1408 kWel), based on
registration of agricultural biogas producers [24].

Data included farm-level livestock population (average values of four quarters of a year) and
the utilized agricultural area in Lubelskie province in 2016. In this study, data associated to dairy
and pig populations were derived and then aggregated to the level of gmina (municipality), a basic
unit of administrative division in Poland; according to Eurostat, administrative units’ classification
equal to NUTS-5 (ex local administrative units (LAU)-2). The recorded number of livestock farms in
Lubelskie in 2016 was 75,600, while the number of farms having either cattle or pig or both cattle and
pig was 74,232.

2.2. Manure Potential and Quality

Accurate estimation of the quantity and nutrients in excrements is essential for the efficient design
of manure processing and treatment, as well as quality of the final product as a green-fertilizer substitute
for chemical fertilizers. In addition, manure management alternatives, such as anaerobic digestion,
are influenced by manure characteristics, the quantity of manure production and its distribution at the
regional scale. This section describes the method for estimating characteristics of manure in Lubelskie.

As-excreted manure can be estimated on two bases: (I) dietary feed, nutrient intakes and animal
characteristics; and (II) manure per animal coefficients derived from the literature and standards.
The latter is critical due to the potential changes in animal performance related to the genetics,
availability of feeding stuffs, and quality of feed. However, the former is more appropriate when
farm-specific data for herd management and feeding ration are available. Nevertheless, since the
farm-level data of dietary and animal characteristics were not available for the Lubelskie province,
the second option was applied, and the relevant coefficients were derived from literature.

2.2.1. Cattle Manure Supply

Table 1 presents the profile of cattle farms in Lubelskie. The data included the number of livestock
units (LSU). Manure potential and nutrients content were calculated based on the population of animals
in heads. By definition, LSU [25] is a unit equivalent of one adult dairy cow producing an annual
amount of 3000 kg of milk. Thus, for dairy cow, the conversion rate is 1; for dry cow, it is 1; for heifer,
it is 0.8; and, for pig, it is 0.4 (an average of 0.8 for breeding sows and 0.3 for other pigs). The collectable
share of animal excrements was not found in literature for Poland; however, there are studies which
indicate 75% for cattle manure and 90% for pig manure [26]. In this study, it was assumed that all
manure can be collected. The detailed calculation methodology and equations used are presented in
Tables 2 and 3.

For estimating dairy manure quantity and characteristics, equations based on animal characteristics
and milk quality were used [30,31] (Equations (1)–(5)). Estimating the nutritional quality of excreted
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manure is essential both for the accurate design of a biogas plant and the quality assessment of the
anaerobic digestion by-products. Based on Nennich et al. [32], it is recommended to estimate manure
and nutrient excretion values associated with the relationship between feed intake, milk production
(nutrient use), and nutrient excretion. Nitrogen (N) and phosphorus (P) are present in manure as
various inorganic and organic compounds and they play a key role in soil amendment. Surpluses of
N and deficiencies of P in Poland render N and P balances an essential part of the decision support
systems in agriculture and as a fundamental agri-environmental indicator (AEIs) [30]. In Lubelskie,
the average surpluses of N and P balances were about 38.7 kg N ha−1 and 2.4 kg P ha−1 [31,33].

Table 1. Structure of cattle farms in Lubelskie province in 2016.

Item Unit Value Reference

Total No. of farms 1 (-) 57,761 [27]
Total No. of cattle LSU 290,195.7 [27]

Average number of cattle LSU (NUTS5)−1 (LSU farm−1) 1375.3 (3.9) [27]
Stocking rate LSU ha−1 0.53 [27]

Herd structure (lactating, dry, and heifer) % of heads 40, 10, 50 Assumption
Milk yield kg d−1 26 [28]

Milk fat (MF) g (g milk)−1 0.04 [28,29]
Milk protein (MP) g (g milk)−1 0.03 [28,29]
Body weight (BW) kg 680; 650; 408 [28]

Days in milking (DIM) d 300 [28]
Dry period (DP) d 65 [28]

Dry matter intake (lactating, dry and heifer) (DMI) kg d−1 18.5; 13.13; 7.1 [28]
1 > 0 LSU.

Table 2. Equations used for calculating manure production [32,34].

Equations No.

ME.L = (Milk × 0.647)+43.212 (1)
ME.D = (BW × 0.022)+21.844 (2)
ME.H = (BW × 0.018)+17.817 (3)
DME.L = (Milk × 0.135) + (BW × 0.004) + (DIM × 0.004) + (MTP × 118.370) − 2.456 (4)
DME.D & H = (BW × 0.004)+1.863 (5)

ME.L = Total manure, lactating cow (kg animal−1 d−1); Milk = Milk production (kg of milk animal−1 d−1);
ME.D = Total manure, dry cow (kg animal−1 d−1); BW = Average live body weight (kg); ME.H = Total manure,
heifer (kg animal−1 d−1); DME.L = Total solids-lactating cow (kg animal−1 d−1); DME.D&H = Total solids-dry cow
and heifer (kg animal−1 d−1); DIM = Days in milk (d); MTP = Milk true protein (g milk−1 d−1) (0.940*MP).

Table 3. Equations for calculating nitrogen and phosphorus content of cattle manure [32,34].

Equations No.

NE. L = (Milk × 0.4202)+283.3 (6)
NE.D = (DMI × 12.747)+ (CCP × 1606.290) − 117.500 (7)
NE.H = (DMI × CCP × 78.390) + 51.350 (8)
PE.L = [(DMI × 1000) × CP ] − (Milk × 0.9 ) (9)

PE.D =
{
[(DMI × 1000) × CP × DP] − 264.386

}
/DP (10)

PE.H= DMI × 1000 × CP (11)

NE.L = total nitrogen-lactating cow (g animal−1 d−1); NE.D = total nitrogen-dry cow (g animal−1 d−1); DMI = dry
matter intake (kg dry feed animal−1 d−1); CCP = concentration of crude protein (g crude protein g dry feed−1);
NE.H = total nitrogen-heifer (g animal−1 d−1); CP = concentration of phosphorus (g phosphorus g dry feed−1);
DP = dry period length (d); PE.L = total phosphorous for lactating cow (g animal−1 d−1); PE.D = total phosphorous
for dry cow (g animal−1 d−1); PE.H = total phosphorous for heifer (g animal−1 d−1).

The N and P content of manure were estimated according to Equations (6)–(11) (Table 3).
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2.2.2. Pig Manure Supply

As mentioned above, farm-level data including farm size categories in terms of the number
of livestock units per farm were available for the Lubelskie province. The data for pig were not
differentiated into pig groups. No common free-range housing system is assumed for pigs; therefore,
all manure was assumed to be collected for bioenergy production. Table 4 presents the key characteristics
which were used in the analysis.

Table 4. Structure of pig farms in Lubelskie province.

Item Unit Values Reference

Total No. of farms 1 (-) 33,188 [27]
Total No. of pigs LSU 89,144 [27]

Average number of pig LSU (NUTS5)−1 (LSU farm−1) 422.5 (1.2) [27]
Stocking rate LSU ha−1 0.18 [27]

Manure excretion (ME.P) kg head−1 d−1 43.5 [34–36]
Total solids (TS) % ME.P 6.0 [34–36]

Volatile solid (VS) % TS 0.8 [35,36]
Total nitrogen (NE.P) g (LSU)−1 d−1 3.7 [34,37]

Total phosphorus (PE.P) g (LSU)−1 d−1 0.8 [34,37]
1 > 0 LSU.

2.3. Bioenergy Potential of Manure

Volatile solids (VS) (solids minus ashes) of manure are the organic material in livestock manure
that primarily determine the biogas yield and consist of both biodegradable and non-degradable
fractions [38]. As stated previously, biogas is derived from manure via anaerobic digestion; subsequently,
it generates electricity and heat through coupling methane at a combined heat and power (CHP) unit.

The technical potential of manure was estimated by Equations (12)–(16) (Table 5). VS in manure
are decomposed by microorganisms in a warm anaerobic environment. The rate of VS flow was
determined from the manure total solid (TS) fed into the digester and the VS content of that dry matter
(TS) (Equation (12)). Conversion coefficients were utilized on the basis of the animal category and per
kg of total solids (TS) [39] (Table S1).

Table 5. Equations for calculating bioenergy potential.

Equations No.

VS = TS×Mvs (12)
CH4 = (VS× PCH4)/ρCH4 (13)
Biogas = CH4/ CCH4 (14)
Electricity =CV × ηel × Biogas (15)
Heat = CV × ηth × Biogas (16)

TS = total solids into the digester (kg); Mvs = volatile solids content of cattle and pig manure (Table S1); CH4 = methane
potential (m3); VS = volatile solids of manure (kg); PCH4 = methane productivity of manure (kg CH4 kg VS−1)
(Table S1); ρCH4 = density of methane (kg m−3) (Table S1); CCH4 = methane content in biogas (%); Electricity = electricity
potential (kWh); CV = calorific value of biogas (kWh m−3); ηel = electricity conversion efficiency (%), Heat = heat
potential (kWh); ηth = heat conversion efficiency (%).

The amount of methane produced is a function of methane productivity (Equation (8)). Methane
productivity from VS is not expected to vary substantially; however, it is dependent on manure
characteristics (Table S2). Biogas generally contains almost 65% methane and 35% carbon dioxide on a
volumetric basis. Therefore, the biogas production rate was estimated by Equation (14). The biogas
leakage was assigned 1% and is further explained in Section 2.5.

A mesophilic fermentation process is most often observed in the study region [10]. Moreover,
electricity and heat were estimated by assuming that methane fuels a combined heat and power (CHP)
unit. On this basis, a basic parameter for estimating the electricity and heat potential is the energy
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conversion efficiency dependent on the scale of production. An average size CHP with electrical
power of maximum 1 MW, electricity and heat conversion efficiency of 40% and 44%, respectively,
and 8760 full load hours represents the typical biogas plant in the region [40]. This study assumes the
digestate yield of the AD is 93% of the feedstock mass.

Electricity and heat production rate are functions of the calorific value of biogas and efficiency of
electricity/heat generation (Equations (15) and (16)).

2.4. Scenarios for Bioenergy Production from Manure

To calculate the manure surplus, an annual limit of 35 t manure per ha (assuming the N content of
5 kg N t−1 and the maximum dose limit of 170 kg N ha−1 according to the Nitrates Directive [23]) must
be applied. For each farm in the Lubelskie province, the surplus in manure production was calculated
according to Equation (17).

Surplus = (N ∗ ME) − (UAA ∗ 35), (17)

where N is the total number of livestock (LSU), ME is the average manure excretion (t LSU−1 y−1),
UAA is the utilized agricultural area (rural land declared by the farmers as area for agricultural activity)
(ha), and 35 is the assumed manure limit (t ha−1). From an agricultural point of view, it is advisable that
the entire stock of residues from livestock production is used as natural fertilizer. These residues are
beneficial both for the supply of yield-generating elements (N, P), as well as organic matter improving
the physical and chemical properties of the soil, which makes it more fertile and more resistant to
weather conditions (e.g., droughts, torrential rains). However, too much manure application may result
in increased GHG emissions, which is why the limit set in the Nitrates Directive has been adopted in
agricultural practice. Farms with manure surplus are obliged to sell it. In practice, manure is most
often bartered for straw. In both cases, they are mass goods, so it should be assumed that they are
transported in the immediate vicinity with the use of farm equipment (tractors, trailers). For this
reason, it was assumed that this distance should be no more than 10 km. Another method to “get rid”
of surplus manure is to use it for the production of biogas. Due to the fact that the digestate obtained
in a biogas plant (as a by-product) is also a valuable fertilizer, it can also be assumed that all available
manure resources will be used for biogas production.

All the above assumptions were taken into account in the four scenarios analyzed in this paper,
which were considered to explore the benefits of biogas production in the Lubelskie province as
depicted in Figure 1. The first scenario is the Base case scenario (BC), where direct application of
manure on land is assumed. In scenario 2 (AD), biogas production was assumed as a manure treatment
method, while the fermented digestate was transported to farms (within a distance of 10 km). Scenario
3 (AD + Separation (Sep)) involves solid-liquid separation of the AD digestate, transport of the solid
manure to land application (within a distance of 10 km) and use of the liquid fraction as a supplement
to irrigation water. It should be noted that no economic value was assumed for the liquid fraction
as effluent of mechanical separation. In scenario 4, a reverse condition of previous scenarios was
assumed, i.e., only the surplus manure from land application can be transported to produce bioenergy.
For this scenario, only holdings (cattle or pig farms or both cattle and pig farms) having more than
2.5 LSU per year, that is about 37% of all livestock producers in the Lubelskie region, were taken into
account. The remaining 63% are mainly family farms which apply manure on their own farms and are
not willing to transport it to biogas plants.

Spatial analyses were carried out in the geographic information system (GIS) environment with
the use of open license software. Geoprocessing of data was performed in the QGIS (version 3.10)
software. PostgreSQL (version 10.12) was used to aggregate the data into databases. The results of
the assumed scenarios were calculated using SQL query procedures. Generalized results for NUTS-5
were visualized in QGIS 3.10 Desktop. The analyses were carried out in the GIS laboratory of the
Department of Bioeconomy and System Analysis, which was developed thanks to the project “New
Strategies on Bio-Economy in Poland” at http://bioecon.iung.pulawy.pl/en/. Spatial analyses, from the
farm scale to the NUTS-2 scale, are presented in diagram S1 (Supplementary Material).

http://bioecon.iung.pulawy.pl/en/
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2.5. Ecological Added Value

Ecological analysis was performed in order to determine the added value of bioenergy production.
Some of the most important environmental implications of agricultural biogas production and
utilization in the target region were quantified. More specifically:

• avoided carbon dioxide (CO2) emissions from replacing fossil fuel sources, e.g.,
to produce electricity;

• methane (CH4) leakage from AD installations; and
• nitrous oxide (N2O) emissions from land application of manure.

Emissions were converted to the 100-year time horizon global warming potential (GWP) using
the appropriate coefficients (265 and 34 kg CO2eq for N2O and CH4) [41,42].

Avoided CO2 emissions were estimated by the coefficient outlined as −0.9 kg CO2eq kWh−1 of the
electricity generated [43]. Avoided emissions from digested (treated) manure were categorized as the
emissions associated to the land application of untreated manure and storage of manure during winter
(1 December to 28 February).

To estimate the total avoided emission of biogas production, it is necessary to take into account
the fact that biogas production causes emissions due to methane leakage from the digester and CHP
(1% and 1.5%, respectively) [44,45].

Following manure recycling method in any system of manure management, nearly all the manure
will be applied to land [46]. N2O is produced in soils through the nitrification and denitrification
processes. Nitrification is the aerobic microbial oxidation of ammonium to nitrate, and denitrification
is the anaerobic microbial reduction of nitrate to nitrogen gas (N2). N2O emissions are normally
measured in two forms: direct and indirect from land application of manure [47]. In this study,
both forms of N2O emissions were estimated using the methods derived from De Klein et al. [48],
Tier 2 (Equations (18) and (19) in Table 6).
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Table 6. Equations for calculating N2O emissions from N inputs applied to soil [48].

Equations No.

N2ODirect =
∑
i
(FSN + FON)i × EF1 × 44/28 (18)

N2OIndirect =
∑
i

[(
FSN × FracGASFi × EF4

)
+ (FSN + FON) × Fracleach × EF5

]
× 44/28 (19)

N2ODirect = annual direct N2O–N emissions produced from managed soils (kg N2O–N y−1); FSN = annual amount of
synthetic fertilizer N (kg N y−1); FON = annual amount of manure, compost and other organic N additions (kg N y−1);
EF1 = emission factor for N2O emissions, kg N2O–N (kg N input)−1 (Table S2); N2OIndirect = annual indirect
N2O–N emissions (kg N2O–N y−1); FracGASF = fraction of synthetic fertilizer N that volatilizes as NH3 and NOx,
kg N volatilized (kg of N applied)−1 (Table S2); EF4 = emission factor for N2O emissions from atmospheric deposition
of N on soils and water surfaces, [kg N–N2O (kg NH3–N + NOx–N volatilized)−1] (Table S2); FracLEACH = fraction
of all N added to/mineralized, kg N (kg of N additions)−1 (Table S2); EF5 = emission factor for N2O emissions from
N leaching and runoff, kg N2O–N (kg N leached and runoff)−1 (Table S2); 44/28 = conversion factor from N2O-N
to N2O.

2.6. Economic Added Value

The economic benefits from bioenergy production were calculated for the potential co-benefits of
recycling manure to biogas compared to the BC scenario. These benefits were categorized into three
groups: (1) benefits for farmers, which include the avoided costs of purchasing chemical fertilizers and
electricity from regular grid; (2) benefits for biogas plants, which are caused by selling the generated
electricity and by-products of biogas production process to the agricultural farms; and (3) total benefits
from the activities. For this purpose, the benefits of scenarios were calculated independently of
the size and location of AD plants. For AD plants, it was assumed that each NUTS-5 will provide
the manure required for appropriate AD plants, provide its electricity and fertilizer needs, and sell
the surpluses. The own electricity consumption of CHP was assumed to be 6% of the generated
electricity [49]. Economic analysis was performed using Equations (20)–(23) provided in Table 7 and
the price parameters listed in Table S3 of the Supplementary Material.

Table 7. Equations for calculating avoided costs.

Equations No.

Cav. f ert. = Podigestate × Pr f ert. (20)
Cav. tran. =

(
Podigestate − Pomanure

)
× Prtran/ρ f ert (21)

Cav. elec. = Poelectricity × Prre. elec. (22)
Ctotal = Cav. f ert. + Cav. tran. + Cav. elec. (23)

Cav. fert. = avoided cost of fertilizer (EUR); Podigestate = digestate potential (Mt y−1); Prfert. = fertilizer price (EUR kg−1);
Cav. tran. = avoided cost of transport (EUR); Prtran. = transport cost (EUR m−3); ρfert = fertilizer density (800 kg m−3);
Cav. elec. = avoided cost of electricity (EUR); Poelec = electricity potential (MWh y−1); Prre. elec. = electricity price
(EUR kWh−1); Ctotal = total avoided cost (EUR).

3. Results

3.1. Manure Production and Characteristics

Based on the data of cattle and pig farms, it was estimated that, on average, there have been
1375.3 LSU of cattle and 422.5 LSU of pigs per NUTS-5 in this province. The leading poviat with
highest livestock population was Łukowski (LLU) with 47,247.6 LSU of cattle, followed by Bialski (LBI)
with 35,463.5 LSU and Radzyński (LRA) with 20,439.6 LSU. The estimated population of cattle and pig,
stocking rates, manure production rate, and its characteristics are shown in Table 8.

The total amount of manure produced was estimated to be about 7.56 Mt of ME throughout the
year, with the contribution being 81% from cattle and 19% from pigs (see Table 8). The N and P content
of cattle manure was accounted for 4.56 g N kg−1 ME and 1.6 g P kg−1 ME, and, for pig, for 3.5 g N kg−1

ME and 0.7 g P kg−1 ME. Given that the estimated P demand was 14.4 kg P ha−1 in the Lubelskie
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province [33], the results of the present study indicated that P contained in manure (19.87 kg ha−1)
could satisfy, to some extent, the need of agricultural sector in case that manure is recycled.

Table 8. Estimated manure potential and characteristics in 2016.

Unit Cattle Pig Total

Animal population LSU 290,195.69 89,144.02 379,339.71
Utilized agricultural area ha 534,241.65

Stocking rate LSU ha−1 0.54 0.17 0.71
Manure potential Mt 6.14 1.41 7.56

Nitrogen Mt 0.028 0.005 0.034
Phosphorus Mt 0.01 0.001 0.011
Total solids Mt 0.61 0.08 0.69

Volatile solids Mt 0.52 0.07 0.59

3.2. Spatial Distribution of Manure, Nutrients and Bioenergy Potential

The calculated amount of manure production, if collected entirely from the livestock husbandry
units, has a bioenergy potential of about 378 million m3, which contains 346 million m3 of CH4.
This theoretic potential could generate 907 GWhe of electricity and 998 GWth of heat energy. In addition,
7.03 Mt of AD digestate may be further applied to arable land as organic fertilizer. Figure 2 shows
the results for theoretic bioenergy potential at the poviat level. It should be noted that the amount of
bioenergy production is strongly dependent on the energy conversion technology, i.e., the conversion
efficiency of CHP. In Table 9, the results related to bioenergy potential of manure are presented.
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Figure 2. Bioenergy potential of poviats (PJ) in 2016. LBI: Bialski; LBL: Biłgorajski; LCH: Chełmski;
LHR: Hrubieszowski; LJA: Janowski; LKS: Krasnostawski; LKR: Kraśnicki; LLB: Lubartowski;
LUB: Lubelski; LLE: Łęczyński; LLU: Łukowski; LOP: Opolski; LPA: Parczewski; LPU: Puławski;
LRA: Radzyński; LRY: Rycki; LSW: Świdnicki; LTM: Tomaszowski; LWL: Włodawski; LZA: Zamojski.

Table 9. Bioenergy potential from livestock manure in 2016.

Outputs Unit Scenario with AD

Theoretical energy PJ 6.86
Biogas Mm3 377.9
CH4 Mm3 245.7

Electricity GWh 907.0
Heat GWh 997.8

Organic fertilizer Mt 7.03
Nitrogen Mt 0.03

Phosphorus Mt 0.01
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The total amount of manure by animal type throughout Lubelskie province has been graphically
illustrated in Figure 3a–c. Trzebieszów NUTS-5, with the highest manure production, is located
in Łukowski (LLU) poviat, which accounted for about 3% of the manure potential of the province
(Figure 3a). As bioenergy potential is perfectly correlated to the manure quantity, an identical map to
Figure 3a is assumed. Cattle manure was mainly produced in the northern and north-western areas
(Figure 3b). The main regions of pig manure production were found to be located in the northern part
of Lubelskie (Figure 3c). The top four poviats, namely Łukowski (LLU), Bialski (LBI), Lubelski (LUB),
and Radzyński (LRA), accounted for 44.4% of the total cattle and pig manure production. Currently,
biogas is mostly produced in the north-east and south-east of the Lubelskie province. Considering that
transporting manure over long distances may be uneconomic; therefore, new biogas plants should be
located in the best possible place with easy access to raw material. Maps can be helpful in determining
these locations.
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Figure 3. Spatial distribution of (a) livestock manure, (b) cattle manure, and (c) pig manure in the
Lubelskie province.

The total values of manure N and P load in 2016 are illustrated in Figure 4. The average values of
N and P load per unit of UAA are 63 kg ha−1 and 21 kg ha−1. As observed in the maps (Figures 3 and 4),
the predominant regions for bioenergy production are the ones with higher manure nutrients load,
which indicates the necessity of manure (or digestate) transport to the areas with nutrients deficit.
Thus, suitable areas for establishing bioenergy production plants are the areas with high concentration
of feedstock and optimal transport distance and logistic network.
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3.3. Mass Balance of Manure, N and P and the Energy Products of AD Process

To better illustrate the outcomes of each scenario, a mass balance of manure and flow of N and P
was presented. The flow of outputs, i.e., energy and fertilizer, for each scenario, were presented to close
the bioenergy production cycle. The emission of N2O and CH4 leakage was deducted from effluents
of each step to represent the net available amounts. The results are depicted through flowcharts in
Figure 5a–c.
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Figure 5. Mass-energy balance flow analysis of (a) Base case (BC), (b) Anaerobic Digestion (AD),
(c) AD + Separation (Sep), and (d) Surplus scenarios.

3.3.1. Ecological Added-Value of Bioenergy

A comparison was carried out to show the changes of emissions released in scenarios with AD
compared to the BC scenario where manure is only applied to land (Table 10). Avoided emissions
were calculated by comparing the differences from the BC scenario. The total avoided GHG emissions
accounted by adding CO2 emissions avoided by renewable electricity production, CH4 leakage from
AD installations, and N2O released from soil related to application of manure were −0.78, −0.91,
and −0.32 Mt CO2 eq. The BC scenario assumes that no treatment other than storage of manure for a
specific time was performed on the excreted manure, whereas, in the AD scenario, the excreted manure
was first digested, then electricity and heat were produced and the digestate was transported to be
applied on land. As a result, ranking of scenarios indicated that scenario AD + Sep had higher avoided
emissions when compared to the BC scenario. This result is highly influenced by the solid manure
applied to land (there is less N distributed in the solid fraction of manure after S/L separation; therefore,
N2O emissions are mitigated [50]). In contradiction to the above, scenario Surplus + AD contributed
the least to avoiding emissions and obtained the third rank after the two other scenarios. Application
of fresh manure (0.11 Mt CO2 eq) made the greatest contribution to the total avoided GHG emissions.

Table 10. Avoided GHG emissions of AD scenarios compared to BC scenario.

Emission Source Unit
Emissions Avoided Emissions

BC AD AD + Sep Surplus + AD AD AD + Sep Surplus + AD

Methane leakage Mt CO2 eq 0 0.05 0.05 0.01 0.05 0.05 0.01
Manure application Mt CO2 eq 0.20 0.19 0.06 0.31 −0.01 * −0.14 0.11
Avoided electricity Mt CO2 eq 0 −0.82 −0.82 −0.16 −0.82 −0.82 −0.16

Total Mt CO2 eq −0.78 −0.91 −0.04
Ranking 2 1 3

* Negative values show the avoided emissions.

3.3.2. Economic Added-Value of Bioenergy

The financial benefits of bioenergy production compared to the BC scenario were computed
and are presented in Table 11. The avoided costs from the AD scenario were approximately
36 M EUR (considering that the exchange rate of Polish Zloty to Euro was 0.23 on 10 May 2019),
including the avoided cost of electricity provided from the generated bio-electricity (in the context of
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self-consumption), the cost of chemical fertilizer and transport of lower volume of manure instead of
fresh manure. The benefit from selling the renewable electricity was 35.47 M EUR for AD and AD + Sep
scenarios separately, which is much higher than in scenario 4. The positive values of fertilization costs
are due to the fact that, for each scenario other than the BC, digestate/manure volume decreased on
grounds of degradation during AD and/or prior to application of manure before treatment as in the
last scenario. Therefore, differences with the BC scenario will result in the purchase of fertilizer to the
extent of the decreased volume and might not contribute to avoiding costs. Based on these results,
the scenario including AD (scenario 2) contributed the most to the added value of bioenergy chain of
this study.

Table 11. Avoided costs of AD scenarios compared to the BC scenario.

Sources of Cost Unit

Quantity Flows Avoided Costs (M EUR)

BC AD AD + Sep Surplus + AD
AD AD + Sep Surplus + AD

from to from to from to from

Fertilization Mt 7.56 - 7.03 - 1.05 6.07 1.38 0.61 7.48 5.39
Electricity GWh 0 - 907.1 - 907.1 - 178.3 −35.47 ** −35.47 −6.97
Transport * Mt 7.56 7.56 7.03 7.56 1.05 7.56 1.49 −0.01 −0.15 −0.11

Total M EUR −34.87 −28.14 −1.69
Ranking 1 2 3

* Transport manure to plant (or digestate to land) ** Negative values show avoided costs.

4. Discussion

4.1. Manure as a Biomass for Bio-Economy

Over time, livestock sector and, in particular, manure management strategies have become highly
globalized or regionalized, with manure often produced in one country or region, and transported to
another for land application. Little thought is given to implications of this paradigm in times of crisis,
such as the current Covid-19 pandemic [3,51]. In such conditions, bio-economy could enhance the
resilience of this sector to the potential threats. One solution is to respond to this crisis with policies
that support circular economy through developing local bioenergy production.

To improve the accuracy of estimating manure production, in this study, detailed data were
utilized in addition to the methodology based on the characteristics of animal manure production.
For cattle manure, separate classifications of cattle are needed for lactating, dry, and replacement
heifers. Most coefficients for manure and nutrients excretion found in literature are based on the body
weight [28]. Recent findings have shown that a better predictor is the one reflecting the feed intake
(excretion = intake − retention). Therefore, in this study, for lactating cattle that have the highest
contribution to manure production, milk yield factor was used. Next to that, for pig manure, due to
the dependency of equations available in literature on feed intake and pig groups, the most relevant
coefficients were derived from the literature and the results were compared with standard values
provided by the American Society of Agricultural and Biological Engineers (ASABE) [29]. The excreted
manure and the nutrient content estimated for cattle differ more than the ones from literature, while,
for pigs, a similar result with that of ASABE was obtained.

Besides the efforts put into this study, it is speculated that the manure production may be
overestimated due to disregarding the non-collectable manure. On the other hand, nutrient content
of manure may be underestimated because of the feed ratios more concentrated in N and P used
especially at intensive livestock farming systems [52].

This study also focused on N and P loading rates in regions with higher bioenergy potential,
which emphasizes the need for management strategies that best direct manure surpluses to the areas
with deficiency. The substitution of organic fertilizer with inorganic one resulted in mitigation of GHG
emissions and in economic benefits. Creation of local added values from bioenergy production may be
a substantial reason to increase attention of regional policy makers.
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The total amount of manure produced in the four major agricultural regions, namely Łukowski
(LLU), Bialski (LBI), Lubelski (LUB), and Radzyński (LRA), accounted for about 3 Mt, which suggests a
possibility of developing future large-scale biogas plants in these areas. These results are in agreement
with those obtained by Oniszk-Popławska et al. [4].

Manure potential and the corresponding biogas yield were estimated using a spatial analysis
method [53]. In Europe, France and Germany stand at the highest rank (with estimated manure
potential as 214.3 and 175.7 Mt) with the highest theoretic biogas potential (3952 and 2907 Mm3 CH4).
In the same study, the biogas potential in Poland has the sixth rank (1698 Mm3 CH4).

The total installed capacities have been estimated and shown to be significant in several EU
countries, including France, Germany, UK, Spain, Italy, Poland, and Netherlands, while, in other
countries, this contribution is much more reduced [53].

Biogas production and energy potential were estimated using a similar GIS-based approach for
Greece at around 209 Mm3 and 4.5 PJ. The estimated biogas potential was an attempt to develop
strategies for the commercial development of livestock manure as waste biomass feedstock in 2005 [54].
In Germany, the biogas production potential of manure was estimated to be significant, with 90 PJ yr−1.
The largest share of this potential is from cattle droppings, with around 60%, followed by pigs
accounting for around 30 PJ yr−1 [1]. In this study, the estimated biogas potential is in a good agreement
with other studies in Poland and abroad. Igliński et al. [10] represented that the contribution of animal
droppings in bioenergy potential including cattle slurry, pig slurry and poultry manure (25.19 PJ)
is much higher than of other biomass sources (14.25 PJ). The central provinces showed the greatest
potential due to larger livestock farms. Piwowar et al. [21] estimated that Lubelskie province with
11.71 MW is among the regions with relatively high capacity for biogas production after Pomorskie
(21.41 MW), Warmińsko-Mazurskie (15.62 MW), Wielkopolskie (15.31 MW), Dolnośląskie (14.40 MW),
and Kujawsko-Pomorskie (14.02 MW). A conclusion of these comparisons implied the high potential
of Poland and the studied province to enhance the installed capacities of biogas production.

The results of this study in terms of the added value can be used as a drive for investors and
policy makers to increase their support towards bioenergy investments. As it is suggested by other
researchers around the world, incorporating negative effects, such as emissions from biogas plants,
is crucial [55,56]. The avoided emissions from utilization of AD by-products (organic fertilizer), such as
CH4 and N2O emissions reduction from replacement of organic fertilizers, showed the superiority
of scenario AD over scenario BC. Anaerobic digestion (AD) has also been identified as an obvious
bioeconomy pathway in regions where livestock manure management is an issue, besides being
amongst the most efficient means of mitigation strategies [57,58]. The results of scenario analysis may
give a better view to policymakers in the form of a decision-making toolkit that allows for comparative
assessments. However, revealing trade-offs between alternatives, as well as other important indicators,
such as the social and economic impact of the additional employment, may lead to better decisions.

Another influential factor for the viability of AD scenario will be the post-digestion process
of digestate to separate it into solid and liquid fractions, whereby the transport of solid manure to
farther fields and use of liquid fraction locally would be rational. Separation treatment has led to
cutting transport costs of manure containing liquid up to 18%; however, less benefit was ultimately
derived due to the reduced volume of manure diluted with liquid, which brings on increased logistics
costs. Mechanical separation is most recommended when manure should be exported to the fields at
relatively long distances [59]. As it was shown, the AD + Sep scenario is also an emission-reducing
alternative. The same potential was reported by Pardo et al. [44] when manure is treated in one stage
mesophilic AD. However, Sefeedpari et al. [50] showed higher outcomes of post-digestion practices,
such as solid-liquid separation and composting, in terms of economic and environmental aspects.

The surplus manure remaining after land application to be sold for bioenergy production was
found mostly in the northern regions of the province. In this area, more biogas plants or future
centralized anaerobic digesters can be established. The potential use of the excess manure in biogas
production was evaluated by Yazan et al. [60] in the Netherlands. It was concluded that manure can
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be better exploited if the supply surplus problem results in double dividend as economic benefits
are possible by minimizing environmental impacts. In the Netherlands, the manure discharge cost
affects the economic performance of farmers. This could be considered in policymaking for manure
management in Poland, as well. In addition, the environmental regulations for surplus manure
discharge could likely affect the farmers’ revenues. It is also crucial to note that farmers make their own
independent decisions individually. However, they may also alter their farming practices, especially
when given appropriate recommendations.

While improving and developing bioenergy policies, it is important to address the circular
bioeconomy policies. In this respect, a key message of this study is that in case of using manure
as a residue of agricultural sector, it is important to consider the use/need of such biomass for soil
management (i.e., fertility and protection) and/or animal feed. This has been reflected in the scenarios
of this study where land application of manure is highlighted either before or after biogas production.
Energy is needed at all stages of bioenergy production; however, given the objective to reduce the use
of fossil fuels, this means that renewable energy (including bioenergy) should be preferentially used to
produce bio-based products. In this study, the self-consumption of biogas plant was taken into account
in our calculations.

4.2. Farm Scale Modeling vs. Statistical Data (Validation and Statistical Assessment Issues)

Agricultural biomass is the largest resource available to the bioeconomy [19,22]. This regularity
applies to most of the European countries. However, when analyzing the available resources, we see
large differences in their estimation. Most of the research is based mainly on statistical data collected for
large administrative units (NUTS-1, NUTS-2). In the case of analyzing manure availability (as biomass)
for biogas production, the basic problem is the need to assume that manure will primarily be used
as a natural fertilizer. If the modeling is based on statistical data (livestock units per ha of arable
land), then, most often, the result of calculation shows total use of manure for soil conservation
(e.g., results obtained in the BioBoost project [19,22]). Only farm scale data allow for real calculations of
which manure resource can be used for biogas production. This approach allows modeling of various
manure logistics scenarios, taking into account short supply and delivery chains “ate-to-gate” by the
farmer. The current common agricultural policy of the EU forces all countries to keep detailed records
of the allocation of aid funds for agriculture (direct and targeted subsidies) and thus to record the
declared production. The opportunity to use farm scale data from the national database (ARMA) was
used in this study. The obtained results showed the possibility of detailed analysis and modeling
of agricultural production and waste potential for the real situation. Such models do not require
validation because the input data is not a sample but the whole population. The pilot project presented
in this paper will set directions for future development of this subject by the team of authors.

5. Conclusions

In Poland, the production of bioenergy is appreciated as a manure management method to provide
environmental and economic benefits for agricultural-rural structures to effectively manage animal
manure by producing electricity, heat, and organic fertilizer. Moreover, realizing the distribution
of manure over a region may support regional policy makers in the investigation and planning of
renewable energy options. In the time of the Covid-19 crisis, it is critical to take actions that provide
strong and resilient food sectors, among which livestock sector plays an important role.

Manure from cattle and pig is intensively produced in the northern sub-regions. Regions with
high N loading rate may pose environmental problems if abatement solutions are not pursued.
Future recycling of manure through bioenergy production should be strengthened in the regions
with high manure production, together with separation of digestate into solid and liquid fractions
whereupon no nutrient is lost via leaching or gaseous emissions. The scenario analysis showed huge
potential for environmental and economic added value of bioenergy production by means of captured
emissions and avoided costs. At the same time, the effect of separation of digestate into solid and
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liquid fractions addressed a potential opportunity to cut transport costs of AD digestate to farms with
manure deficiency. Future potential regions for biogas plants establishment were identified in the
northern areas of the region with higher amounts of additional manure left after its land application as
organic fertilizer.

This research was a particular study for the Lubelskie province in Poland, but the methodology can
be used for other provinces and countries. The results of this study show that a model for optimization
of manure logistics in biogas production and transport of the fermented digestate could be under focus
in future works.

The presented analyses, already at this stage, concern a representative region in a EU country,
but, considering the current development of IT technology and the data resources collected within the
common agricultural policy (CAP), there are no barriers to apply this type of approach nationally or
even throughout the EU. In this sense, this work shows new research directions but also the possibilities
of creating decision support systems for institutions responsible for creating CAP and implementing
or supervising the assumptions of this policy.

Recently, the Ministry of Agriculture and Rural Development ordered an expert opinion, the aim
of which is to develop a uniform methodology for estimating all available and rational biomass
resources from agriculture and to build tools based on spatial information systems for modeling
these results. It was assumed that the input database would be based on the declarations of farmers
applying for aid under the CAP (i.e., updated data with the same degree of detail as used in this
case study). This approach will allow in the near future to develop a national system for monitoring
biomass resources, which will take into account the current economic situation, the dynamics
of agricultural production and the occurrence of unfavorable weather phenomena affecting crop
production (e.g., droughts, spring frosts).
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AD Anaerobic digestion
ARMA Agency for restructuring and modernization of agriculture
ASABE American Society of Agricultural and Biological Engineers
BC Base case
CAP Common agricultural policy
CH4 Methane
CHP Combined heat and power
CO2 Carbon dioxide
GHG Greenhouse gas
GIS Geographic information system
GWh Gigawatt-hour
GWP Global warming potential
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IT Information technology
LAU Local administrative units
LSU Livestock unit
Max Maximum
ME Manure excretion
ME.P Manure excretion of pig
M EUR Million Euro
Min Minimum
MW Megawatt
N Nitrogen
N2 Nitrogen gas
N2O Nitrous oxide
NE.P Total nitrogen excretion of pig
NUTS Nomenclature of territorial units for statistics
P Phosphorus
PE.P Total phosphorus excretion of pig
SD Standard deviation
SQL Structured Query Language
TS Total solids
UAA Utilized agricultural area
VS Volatile solids
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