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Abstract

:

The use of methane fermentation in mesophilic conditions for the energy use of cow manure and additional co-substrates from the farm can bring a small dairy farm (140 dairy cows) financial benefits of up to EUR 114,159 per year. Taking into account the need to pay for emissions calculated as carbon dioxide equivalent, this profit could be reduced to EUR 81,323 per year. With the traditional direct use of manure, this profit would drop by as much as 60% to the level of EUR 33,944 per year. Therefore, the introduction of fees for emissions may significantly burden current dairy farms. As has already been shown, just compacting and covering the manure (which costs approx. EUR 2000 per year for 140 cows) would give almost twice as much profit—EUR 64,509 per year. Although an investment in a small biogas plant with a cogeneration unit on a family dairy farm may have a payback period of less than 6.5 years and a return of capital employed of 16%, most small farms in the world will not be able to afford its construction without external subsidies. At the same time, it would make it possible to reduce emissions by almost 270 times—from 41,460 to 154 tons of CO2eq per year—and the possibility of preserving valuable nutrients and minerals and supporting soil properties in the digestate. Therefore, it seems necessary for Europe to introduce a support system for small- and medium-sized farms with this type of investment in the near future in a much larger form than it has been so far.
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1. Introduction


Most organic waste can be used effectively equally as a collection of high added-value bio-fertilizers, bio-chemicals and material building blocks after biomass processing, and also as an energy carrier—a fuel [1,2,3]. The latter option is recently considered one of the best organic waste treatment technologies to recover both valuable fertilizing substances and energy from organic waste [4,5,6,7], especially with regard to agricultural waste, the biogas produced from them, and, less often, liquid biofuels. These constitute a new approach that should be considered in the context of sustainable development [4,8]. Biogas production is highly beneficial compared to other renewable energy sources and changes the perception of this technology not only in the financial context, but also in the ecological and social context [9].



Currently, the increase in the amount of waste of animal origin is an important problem causing serious environmental problems if not properly treated [10,11,12]. Biogas from agricultural waste is a renewable energy source that can be used in many applications. Among other applications, biogas can be easily burned in an internal combustion engine in a cogeneration unit, producing electricity and heat [13].



The biogas itself contains 50–75% methane (CH4) and 25–45% carbon dioxide (CO2), as well as trace amounts of other gases (hydrogen sulfide (H2S), nitrogen (N), oxygen (O), hydrogen (H)) [14,15,16]. Its production is not associated with the formation of most harmful gases, i.e., nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon monoxide (CO), etc. [4,17].



On the one hand, agricultural waste can be an easily accessible and cheap source of renewable energy; on the other hand, the improper use of these streams is considered one of the main sources of methane and nitrous oxide atmospheric release—two gases with a high warming potential. In the agricultural sector, emissions related to animal production account for approx. 14.5% to 16.5% all of emissions caused by human activities [18,19,20], and produce (compared to global emissions) accounts for about 37% and 65% of all methane and nitrous oxide release [21,22,23,24]. Dairy production accounts for about 20–30% of this value.



The above values are often quoted, although there is no shortage of assumptions that emissions from livestock cover a much wider range. The United Nations Food and Agriculture team recently reported a much lower figure, which puts farm animal emissions at 11.1% of total greenhouse gas (GHG) emissions [25,26,27]. In turn, other scientific sources say that the production of GHG in this case may be as much as 19.6% [27,28].



According to the literature sources, 70% to 90% of greenhouse gases released come from the farm itself (excluding transport, feed, etc.) [29,30,31]. Such a large percentage is therefore caused by activities inside the farm—i.e., the mitigation potential of pollution is very large [10].



The largest GHG streams from dairy farm production are ammonia and nitrous oxide emissions from enteric fermentation, manure storage and handling, and agricultural crops and pastures growth activity [32,33,34,35]. Among the sources of GHG, one could also mention the emissions of carbon dioxide equivalent (CO2eq) from the combustion of fossil fuels and the decomposition of lime used on farmland and pastures, but these sources are very diffuse and difficult to avoid. In the case of potentially generated nitrous oxide (N2O), a distinction should be made between direct emissions from the farm and emissions from ammonia and nitrates leaving the farm, which may eventually be converted to N2O in other ecosystems. Although they are often treated as independent sources, there are interactions that affect the overall emissions [32,33,36].



In the case of slurry, there are many solutions to mitigate GHG emissions, including the use of chemicals or special technical solutions [37]. For farmyard manure there are not so many ways to reduce emissions, but there is one that farmers know well and that seems to be relatively cheap and simple. This solution is to compact and cover the manure during storage [37,38,39]. This procedure is crucial to significantly reduce the decrease in GHG and ammonia emissions and the decrease in the value of the manure itself (loss of carbon, nitrogen, potassium, etc.).



The decomposition of manure depends on how it is stored, including placement. In a loosely stacked pile, after some time, the temperature may reach over 60 °C and the decomposition process will be very intensive [40,41]. However, this situation ultimately results in significant losses of organic matter. To prevent this, manure should be stored in well compacted heaps, where the temperature is between 30 and 40 °C. Manure contains simple sugars, starch, pectins, cellulose, hemicellulose and lignin. During the decomposition processes that occur under proper storage conditions, these compounds are transformed into simpler organic compounds and, depending on the availability of oxygen, to carbon dioxide and water (in aerobic conditions) and carbon dioxide and methane (in anaerobic conditions) [39]. With regard to nitrogen, in manure it is present in the form of mineral and organic nitrogen—the latter as proteins. In the process of decomposition, proteins are converted into amino acids and then into ammonia, which is released directly into the atmosphere. Factors that reduce nitrogen losses include the binding of ammonia by the forming organic acids, as well as its binding and processing into protein compounds by microorganisms. For this to happen, there must be conditions suitable for the development of microorganisms, including the right amount of easily degradable carbohydrates [42,43,44]. In the upper part of the heap, ammonium nitrogen under aerobic conditions is converted to nitrate nitrogen, while in the lower part of the manure it is converted to molecular nitrogen and nitrogen oxides [45]. Mineral nitrogen contained in manure, in the form of ammonium and nitrate, can be immobilized and will be released only during the application of manure to the soil. Phosphorus in manure is present in mineral and organic compounds, which undergo significant mineralization during storage. As a result, orthophosphoric acid is formed, which combines with cations to form salts. As a result, this element becomes available to plants. In addition, the formed compounds are characterized by poor movement to deeper layers of manure, which does not lead to their leaching, although there are studies that indicate that under favorable conditions there may be a loss of up to 25% as a result of leaching [46]. Manure also contains calcium and magnesium in the form of various mineral and organic compounds. In the mineralization process, these compounds are transformed into easily soluble forms, but their migration to deeper layers of manure, and thus the risk of significant leaching, is relatively small [47]. The situation is different with potassium, which is usually present in manure in the form of a cation, which significantly contributes to its leaching. Potassium losses from manure are estimated to be up to several dozen percent. Ultimately, the fertilizing and energy value of manure, as well as the emissivity, depends primarily on the chemical composition of this natural fertilizer—that is, mainly on the feed and the method of storage. For estimation purposes, when calculating potential emissions from manure, in the case of methane, the determination of the share of volatile matter is often used [48], while for nitrous oxide emissions, it is most convenient to determine the abundance of nitrogen compounds [49,50]. In the use of manure as a substrate or co-substrate in anaerobic digestion processes, the more biogas produced the higher the content of organic matter.



The problem of emissions from cow breeding, mainly dairy cows, is significant—as much as 70% of all manure produced on farms in Europe comes from only six European countries, including Germany, Spain, Italy, France, Poland and the United Kingdom, and it is worth noting that as much as 75% of all manure is cow manure [51,52], of which over 70% (some sources say 90%) is used to fertilize the land, albeit in an inefficient way [53,54,55].



Proper management of cow manure is a challenge facing most of the world. However, this article focuses on manure from so-called “deep bedding”—a practice which is characteristic of several countries in western Europe and most of eastern and central Europe [10,41,55,56].



When manure is misused, nutrients can be a major source of soil, water and air pollution, and can have negative impacts on biodiversity and climate. That is why, as part of the Farm to Fork strategy (one of the main pillars of the European Green Deal), the European Commission aims to reduce nutrient losses by at least 50% by 2030, while ensuring that soil fertility is not impaired and, at the same time, farmers obtain a stable and fair income, taking into account the full range of goods they provide [57]. One of the aspects of the strategy will be to support the production of renewable energy from agriculture, enabling farmers to invest in biogas and biomethane for their own needs [58]. As shown in a large number of sources, methane fermentation is the main technology that enables an economic and ecological reduction in the negative effects of manure management, while further enabling agricultural use of waste, such as digestate as a valuable fertilizer [49,59,60,61]. Methane fermentation, and above all the need for a very short storage period, allows for the reduction in greenhouse gas emissions related to manure management by several dozen percent [20,49,62]. In addition, the possibility of producing ecological fuel that can replace conventional sources of heat and electricity [59,63,64,65] increases farm income [65,66,67,68,69]. Recently, there have been more and more statements that it is at the farm level, and not at further stages of the production chain, that ecological (and indirectly also economic) costs should be calculated [70,71,72,73,74].



Based on the results of several projects [75,76,77] and on ongoing research under the DairyMix project [78], it is puzzling, however, why still only a few farmers have decided to properly store manure (compressing and covering) or use it for energy purposes by adopting a solution such as a establishing a biogas plant equipped with an aggregate for the production of electricity and heat (combined heat and power—CHP). An innovative element in this work is the indication of how much improper manure management affects the energy and economic losses of typical dairy farms, taking into account mainly (apart from the loss of nutrients, minerals and caries) the losses related to GHG emissions during manure storage. The influence of the manure storage method—the standard being in a heap without and with cover and compaction—on farm income in comparison with ongoing manure fermentation with the use of other by-products (substrate materials) from a dairy and agricultural farm was also assessed. Although laboratory and field studies have been carried out in many countries on the storage and use of manure for energy purposes (biogas), sometimes also in combination with GHG emissions [12,22,37,40,45,56,79,80], they lack a comprehensive analysis, including the impact of emissions on the economic balance of the farm and the costs associated with compacting and covering the manure.




2. Materials and Methods


The basis for the analyses was mainly the method of cow manure management, assuming that it is used as a:




	
natural fertilizer (collected on an open and uncompacted heap and with a cover and compaction), or



	
manure (collected daily as a biogas plant substrate and its subsequent use as fertilizer (digestate) after undergoing methane fermentation processes.








The estimates presented in this work are divided into main stages: an analysis of the current activity of a cattle breeding farm with agricultural production (milk production and feed production) and using a biogas plant with a cogeneration unit (producing heat and electricity).



As part of the second stage, a simplified economic and energy balance was presented for two variants using co-substrate manure in fermentation processes with agricultural waste/by-products without and with taking into account the avoided emissions of carbon dioxide equivalent.



The presented economic and energy balances include the following variants:




	
milk + fertilizer, M + F,



	
milk + fertilizer + protection (compacted and covered), M + F + P,



	
milk + biogas and CHP, M + B,



	
mentioned above + emission allowances (costs related to the need to pay for CO2eq emissions), “x”* + EA (*x − the appropriate symbol for the variant).








2.1. Materials and Methodology of the Research


The study used data from in-situ research on a farm near Głogów (northern Silesia) that incorporates dairy cattle breeding (140 milk cows, including 100 Holstein Friesian and 40 Mixed) in free-stall barns (Figure 1) and 325 ha of agricultural crops. The method was an in-depth interview and analysis of financial and organizational documents as well as recognition of the surrounding market in accordance with the recommendations of the DairyMix project [78].



One of the research methods regarding the costs of compacting and covering manure, due to the lack of sufficient literature data, was obtained as a result of in-depth interviews. Interviews were conducted with 11 farmers during face-to-face meetings on the farm (6 interviews) and by telephone (5 interviews). During in-person meetings, bills for individual cost components were checked and compared with data from 5 farmers interviewed by telephone.



Prices of materials, services and substrates used on the farm were current and came from the last month before the preparation of the article (July 2023).



The basic milk analysis was carried out by the local agricultural station, and the manure analysis at the alma mater in the Ecotechnology laboratory. Manure samples were collected from two places—from a heap lying in the field (Figure 2) and a manure plate located on the farm, 30 m from the cowshed (daily collection, Figure 3).



On the downloaded material, the so-called biogas tests (course and volume of biogas emissions) and related procedures and indicators were applied in order to estimate the emissions of nitrous oxide and methane in accordance with IPCC reports [81,82,83]. Finally, the study presents comparisons of economic and energy flows for individual stages and variants, together with the determination of the amount of CH4 and N2O emissions in CO2 equivalent units.



The limitations of my research can be stated as follows: dairy farms with the number of dairy cows ranging from 20 to 160; agricultural production 10–400 ha; use of a biogas installation with an electrical power of 4–499 kW; conditions for methane fermentation—mesophilic, liquid technology, substrate feeding 1–3 times a day.




2.2. Calculation of Methane and Nitrous Oxide Emissions


The individual values of the indicators and the method of calculating the final emissions for CH4 and N2O were adopted or calculated based on the Tier 2 methodology recommended in the IPCC reports [81,82,83] using regional data [84].



The emission factor (EF) was calculated according to the simplified Equation (1):


EF = Vs · B · 0.67 · 365 · MCF [kg CH4/animal/year]



(1)




where:




	
EF—emission factor,



	
VS—volatile excreted solids—4.88 kg/animal/day,



	
B—production of CH4 from animal manure—0.24 m3 CH4/kg VS,



	
0.67—conversion factor,



	
365—days in the calculation period,



	
MCF—methane conversion factor to the manure management system.








In accordance with the European procedure contained in international IPCC reports, individual indicators have been adopted as constants for a given region. The MCF value was assumed only at two different levels: 17%, assuming that the manure was stored without compaction and cover, or, if compacted and covered, 3%, and 0% if it was transported to the biogas plant every day. Therefore, the emission factor per cow per year (kg CH4) was: 48.49, 8.59 and 0, respectively.



The following Equation (2) was used to estimate direct N2O emissions (N2O D):


N2OD(mm) = NEX · 44/28 · EF3 [kg N2O/animal/year]



(2)




where:




	
N2OD(mm)—direct N2O emissions,



	
NEX—N excretion of livestock—114.60 kg N2/animal/year,



	
EF3—emission factor for direct N2O,



	
44/28—conversion factor of (N2O−N) (mm) emissions to N2O (mm) emissions.








The EF3 index (in kg N2O−N/kg N) was adopted for deep bedding, covered and compacted and transferred daily to the biogas plant as: 0.01, 0.005 and 0, respectively.



Indirect N2O (N2OG(mm)) emissions from N volatilization as NH3 and NOx were calculated according to the simplified Equation (3):


N2OG(mm) = Nvolatilization-MMS · 44/28 · EF4 [kg N2O/year]



(3)




where:




	
N2OG(mm)—indirect N2O emissions due to volatilization of N,



	
Nvolatilization-MMS—nitrogen that is lost due to volatilization of NH3 and NOx,



	
EF4—emission factor for N2O emissions from atmospheric deposition of nitrogen on soils and water surfaces,



	
44/28—conversion factor of (N2O−N) (mm) emissions to N2O (mm) emissions.








Before substituting the ratios into Equation (3), it is necessary to determine the N volatilization-MMS according to the simplified Equation (4):


Nvolatilization-MMS = NEX · FracGasMS [kg N/year]



(4)




where:




	
NEX—N excretion per head of livestock,



	
FracGasMS—percent of managed manure nitrogen that volatilizes as NH3 and NOx,








FracGasMS (%) was determined per national reports according to the characteristics of the manure management and storage system [64,75,76,77,78,81,82,83,84,85]. Sequentially, for faeces: without any mitigation measures, covered and compacted and directed to biogas plants (in %): 40, 20, 10, respectively. Similar indicators were determined for EF4 (kg N2O-N/kg (NH3-N + NOx-N) volatilized) and were, respectively: 0.05, 0.01, 0.002.



Nitrogen leached into the soil and/or running off during rain (N2O L(mm)) forms another indirect stream of N2O from manure. Emissions of this type of N2O according to the simplified Equation (5) are:


N2OL(mm) = Nleaching-MMS · 44/28 · EF5 [kg N2O/year]



(5)




where:




	
N2OL(mm)—indirect N2O emissions due to leaching and runoff,



	
Nleaching-MMS—amount of manure nitrogen that is lost due to leaching of NH3 and NOx,



	
EF5—emission factor for N2O emissions from nitrogen leaching and runoff N leached and runoff,



	
44/28—conversion factor of (N2O−N) (mm) emissions to N2O (mm) emissions.








Before substituting the ratios into Equation (5), it is necessary to determine the Nleaching-MMS according to the simplified Equation (6):


Nleaching-MMS = NEX · FracleachingMS



(6)




where:




	
NEX—N excretion per head of livestock (on average annually),



	
FracleachingMS—percent of managed manure nitrogen losses due to runoff and leaching during storage of manure,








FracleachingMS (%) was determined in accordance with national reports and experience according to the characteristics of the manure management and storage system [64,75,76,77,78,81,82,83,84,85]. Sequentially, for faeces: without any mitigation measures, covered and compacted and directed to biogas plants (in %): 10, 1, 1, respectively. Similar indicators were determined for EF5 (kg N2O-N/(kg N leaching/runoff)) and were, respectively: 0.0025, 0.0075, 0.0005.




2.3. Calculation of Carbon Dioxide Equivalent and Fees for the Allowances for Emission


When determining the strength of the impact of individual greenhouse gases on the climate, a comparative conversion factor was used, i.e., carbon dioxide equivalent (CO2eq), according to which a multiplier of 25 was adopted for methane (range: 25–28 [84,86,87,88]) and for nitrous oxide 298 (range: 265–298 [49,84,86,87]).



The data presented in this paper are based on information provided under the “Trading Economics Carbon Emissions Allowances Prices” from the European Emissions Trading System (EU ETS), the world’s largest market for GHG emission allowances and trading [89]. The operation of this undertaking is as follows—allowances for carbon dioxide (CO2eq) emissions are first allocated on the basis of EU directives relating to maximum GHG emissions, and only then are they made available in auctions.



According to the EU ETS, EU CO2eq allowance prices fell to €87 a ton, a two-month low, as investors expect lower demand for allowances due to a weak manufacturing sector [89]. This comes as Germany, one of Europe’s largest economies (this year, the largest amount of carbon allowances auctioned or sold took place in Germany [90]), saw a 1.5% fall in industrial production in July from the previous month, beating market estimates for a milder decline and highlighting the impact of higher interest rates on the European industry after a string of worrying PMI data. In April, the European Parliament adopted climate measures to reduce EU greenhouse gas emissions by 62% by 2030, compared to 2005 [89]. The price of allowances on the European Union’s carbon market rose above EUR 105 per ton, for the first time, earlier this year, reflecting the increasing costs that factories, power plants and other industries have to bear in connection with the emission of pollutants. Here, the current price of allowances is EUR 92.36 per ton [89].




2.4. Methodology of Biogas Efficiency


The collected samples were tested in the laboratory of Ecotechnology of the University of Life Sciences in Poznań [91]. This unit guarantees a high quality of results and has obtained quality certification of methane fermentation tests granted by the international biogas institution—VDLUFA and KTBL [92,93]. Therefore, the methods of biogas efficiency analysis are based on procedures in accordance with the following standards: VDI 4630 and DIN 38414/S8 [94,95]. A broader description can be found in similar studies [10,41,96].



Research on the biogas efficiency of the so-called batch culture was carried out on a specially constructed stand (Figure 4). It consists of a set of tubes (1) for measuring the volume of the produced gases, in which the volume is read several times a day using the scale (2) and the gas composition is analyzed with a portable analyzer by withdrawing all the collected gas (for averaging) through the upper valve (3). The methane fermentation process itself in mesophilic conditions takes place in a set of glass containers immersed in a water bath and connected with wires to a set of measuring tubes (4).




2.5. Methodology for Calculating Energy Production


The analysis of the energy and economic balance of a given farm was preceded by the determination of several necessary components, especially in relation to the biogas installation with a cogeneration unit for obtaining heat and electricity from it for commercial purposes.



As input data, it was assumed that the potential biogas plant would run the most popular type of fermentation—methane fermentation in mesophilic conditions. The feedstock for the biogas plant will be cow manure together with agricultural waste/by-products (co-substrate model). Depending on the variant, the biogas plant will have the appropriate power of the cogeneration unit (CHP) and a gas-tight digester (the so-called lagoon), the content of which (digestate) will ultimately be used as fertilizer.



The amount of Ex energy produced (electricity Ee or heat Et) in a biogas installation with a CHP unit was estimated according to Equation (7):


Ex = VCH4 · WCH4 · ƞx [MWh]



(7)




where:




	
VCH4—methane produced in the fermentation process,



	
WCH4—calorific value of methane—9.968 kWh/m3,



	
ƞx—electric or thermal efficiency of the cogeneration unit.








Estimated power Px (electric Pe or thermal Pt) of the biogas installation was calculated according to Equation (8):


Px = Ex/t [MW]



(8)




where:




	
t—CHP working time.








Due to the GJ unit adopted and used in heat energy settlements, a conversion factor of −1 MWh to 3.6 GJ was applied in further calculations.



To calculate the power of a given unit, it is necessary to know or predict the working time and efficiency in the production of a given type of energy (electricity or heat). For this reason, it was necessary to assume the average length of operation (for micro and small installations) of the unit in year t amounting to 8200 h and to estimate the efficiency factor a priori. The ηx coefficients are strictly dependent on the operating time, installation load, etc. Therefore, first the operational data encountered in practice were analyzed [13,97,98,99,100,101,102] and then synthetically presented in Table 1 in relation to the expected power of the installation.





3. Results


The results, as described in the methodology, were divided into several parts. Individual estimates refer to data obtained from a functioning farm, but the way of presenting the results so that they can be easily interpreted is similar to other works on a given subject.



3.1. Streams of Emissions


Individual nitrous oxide and methane emission streams are presented in Table 2.



Upon comparing each variant separately, it is evident that the masses of methane produced by the manure are many times greater than the streams of nitrous oxide (especially in the first two variants). Indeed, when comparing the variants, the differences are even several orders of magnitude apart.



The masses of methane and nitrous oxide streams and the final production of CO2eq, taking into account the conversion factors listed in the methodology (25 for CH4 and 298 for N2O), are presented in Table 3.



In comparing the total masses of CH4 and N2O separately for each variant, it is evident that the masses of methane produced by manure are almost 10 times higher, but when converted to CO2eq, the situation changes and the climate load from nitrous oxide may be three times higher (especially in the first two variants). In turn, comparing the variants with and without a biogas plant (i.e., 1 and 2 with 3), the differences reach even several orders of magnitude apart. It is worth noting that the compaction and covering of the manure (variant M + F + P) reduces the potential climate load (expressed as CO2eq) by about 5 times.




3.2. Energy and Economic Estimates


In addition to the manure from the 140 dairy cows, the case study farm still had a significant amount of crop by-products. All substrates constituted the feedstock for the biogas plant—the characteristics of individual energy materials are given in Table 4. Biogas and methane yields as well as the share of CH4 in biogas were determined on the basis of the described sections—research methodology in terms of fresh mass (FM), albeit, only for variants M + B and the same variant enriched only with the GHG aspect.



Based on the presented characteristics, it can be concluded that manure has the largest share in the co-substrate mix—twice as much as the sum of the other components. It is also the material with the highest humidity, so its efficiency in terms of fresh weight is the lowest (about seven times lower than that of wheat straw, the dry weight of which is about 91%). Ultimately, the annual production of methane is over 270,000 cubic meters.



Table 5 shows the input data for the energy and economic balance. It should be noted that the numerical values shown are rounded for clarity.



In recent years in European countries (including Poland), support mechanisms have been launched for newly built energy sources (e.g., CHP biogas plants) for ecological reasons. Such a form of support in Poland is the introduction of guaranteed prices for the electricity introduced to the grid—Feed in Tariff (FiT tariff) for small biogas plants (Pe < 0.5 MW) [103]. After converting the exchange rate differences and the calculation formula from the reference price, the value of EUR 195/MWh was adopted for the calculations. Mass reduction during fermentation and percentage mass reduction were calculated on the basis of produced methane and carbon dioxide (main components of biogas) during methane fermentation of co-substrates.



For the given input data, the production of electricity and heat was calculated at 875 MWh/year and 1285 MWh/year, respectively. Powers were also determined, electric and thermal, respectively, as 107 kW and 157 kW (Table 6).



The energy consumption for operating purposes of the entire installation with connections was set at 6% and 12%, respectively, of electricity and heat (these parts of energy do not generate any profit or loss in the balance sheet).



The streams of costs and revenues generated both from dairy production and the investment in biogas plants with a cogeneration unit (investment expenditures and operating costs) are presented in Table 7.



Data on costs and revenues came directly from the case study farm, own experience and market analysis, which were referred to local scientific and popular publications [10,41,104,105,106,107,108,109]. In turn, the value of the reference interest rate was adopted on the basis of data published by the National Bank [110].



When checking the farm’s financial flows, it turned out that the profit from the sale of milk is slightly more than 1 cent/L (in the last two quarters there has been a significant drop in the purchase price of milk in Poland). Amounts for substrates were included in the costs part because it was assumed that if they were not inputted to the biogas plant, they would be sold at the market price.



Adding up individual financial flows shows how much a given investment can be beneficial for the investor. The results of the profit and loss balances, after taxation, indicate that a biogas installation with a CHP unit, the heat and electricity which will be sold, has a chance to pay itself off in just over 6 years (Table 8).



Unfortunately, this is frequently not possible; the construction costs are often too high or the recipient (or even their own farm) is not able to receive the amount of heat produced for more than a few months. Assuming the extreme case of no heat collection (beyond the installation’s own needs), the actual economic result is much worse than the original (Table 9).



The profits from the sale of heat account for approx. two thirds of the profits for electricity; therefore, the lack of this revenue stream means generating minor (EUR 525 per year) losses for the enterprise. However, if at least a few dozen percent of the heat could be collected for the needs of the farm itself, the ROCE and PBP would have a positive value (it would not generate losses).




3.3. Energy and Economic Estimates for Different Variants


If it was necessary to incur costs related to GHG emission allowance, an additional analysis was carried out, additionally taking into account:




	
costs related to compacting and covering the manure (variant M + F + P), (Table 10),



	
profits from the sale of milk and manure (variant M + F + P and variant M + F),



	
5% weight loss of stored uncompacted and uncovered manure.








For the calculations of total compaction and cover costs, it was assumed that the expenditure of funds and work for compaction and covering (with a load) will cost an average of EUR 7 per year per m2 (extra work time, fuel, equipment depreciation, etc.), and the cost of the material will amount to approx. 10 years (which is depreciation time adopted for biogas plants)—costs approx. EUR 2.5 per m2.



The obtained values for individual variants, taking into account the costs of emission allowances and additional costs and revenues (see Table 10), are presented in Table 11.



Data regarding revenue come from Table 7 and they are the sum of “Revenue from the sale of milk (EUR 23,953)” and the multiplication: Used substrate—manure (2811 Mg per year) from Table 4 and the cost for 1 Mg manure—EUR 18 (Table 7), with the difference that the losses (volatilization, surface runoff, infiltration) of the mass of uncovered manure were estimated at 5% (95% of 2811 Mg/year). Ultimately, it was assumed that all manure produced in the M + F + P + EA and M + F + EA scenarios would be stored and used for own needs, sold or exchanged. Hence, the final revenues from M + F + P + EA amount to EUR 74,140, and from M + F + EA equal EUR 71,631 (95% of 2811 Mg/year). The costs of compaction and covering concerned only the M + F + P + EA variant and amounted to EUR-2065.



If it is necessary to incur costs related to emissions, the greatest economic benefits will come from the M + B + EA option, related to the investment in a biogas installation with a cogeneration unit—almost EUR 67,000 per year. More than 20% less annual profit will be achieved using only the passive protection (compacting and covering) of manure. The least favorable solution is the typical management of manure, which, apart from environmental damage and odors related mainly to ammonia, will bring almost 60% less annual profits for a dairy farm.





4. Discussion


The economic situation of dairy farming on the market is difficult all over the world. The problem of increasing global demand for food is increasing, but is unstable regionally and periodically. Hence, dairy cow breeders must take into account the limits caused by oversupply, or even the need to incur losses. This aspect therefore has a social and political dimension, and given the problems related to emissions from livestock, there is also an ecological aspect. This is particularly evident in calls for limiting the breeding sector, which in recent years has been a fairly common and difficult to compromise issue for decision makers, breeders and, finally, consumers [49]. The solution that would seem to be the only right one due to scientific and technological progress, i.e., with the growing demand for food [111,112], is increasing the unit efficiency of animal production (without increasing the herd), which does not fully reflect the hopes placed. Unfortunately, as research sources show, in order to significantly reduce greenhouse gas (and ammonia) emissions, it is possible either to reduce animal production in general (and thus to reduce food supply with increasing demand) [18,28,113,114], or to develop potential emission streams in a non-standard way.



Many scientific and research reports [49,62,104,115,116,117] and projects [75,76,77,78] indicate that one of the most effective mitigation methods in the case of animal waste is the most frequent and fastest (with the shortest storage period) energy use (biogas plant with CHP). Such actions (on dairy farms), which have been demonstrated in this work in reference to others, lead to, among others:




	
highest farm income and investment indicators,



	
greatest reduction in GHG emissions and odor limitations.








With reference to the first aspect, our study shows that it is possible to accomplish this on this type of family farm. Revenue from electricity production is approx. EUR 20/MWh higher than the average price of electricity in the second quarter of this year (2023) [62]. Even greater revenues would be generated by the sale of heat or through the use of this for the farm’s own needs. On the market, the purchase of GJ of energy from fuel for heating purposes ranges from 24 (oil, gas) to 35 (other fuels) EUR [118,119]. In addition, it should be noted that the payback period is slightly longer than 6 years, which is quite a short payback period. Compared to the most competitive and common (for farms) solution in solar panels, assuming that the price of electricity is EUR 180 (the price threshold proposed by the European Commission), the payback of a PV project results in a payback period of five to six years, which is considered favorable [120]. In the case of the presented solution for the construction of a biogas installation with a cogeneration unit, the return does not go much beyond this range, although at a price of approx. EUR 15 per MWh more. In another scientific source, the result of 6 years is also given as very good [121]. For 2022, for various solutions of PV panels, with the amount for electricity lower by several dozen euros, the payback time was over 10 years [122]. In contrast, in the case of biogas solutions recognized as financially advantageous, typically PB values in the range of 5–8 years are typically obtained [123,124,125]. Regarding micro biogas plants of the variant where investments in land are not required but labor costs are required, a time period of a return of even less than 5 years has been achieved (data, however, come from 8 years ago) [126]. Similar low values were also obtained when taking into account the cost of reducing CO2-equivalent emissions based on the recast Renewable Energy Directive (RED II) in Hungary [127]. The feedstock for the biogas plant in the reported example was manure and household waste. For this installation, payback periods of 3.6 and 4.4 years and ROCE of 17.7 and 12.8 were estimated (for the amortization period of 10 years). It should be noted, however, that the researcher assumed EUR 328 and EUR 277 per MWh of electricity, respectively, where in our study it was only EUR 195/MWh. On the one hand, it was an installation smaller than the one presented in our study by over one order of magnitude, which is evidenced by the amount of methane produced and the used co-substrates. On the other hand, the estimated investment cost was EUR 8800 per kW of electricity, and the electrical and thermal efficiency coefficients were 45 and 50%, respectively, while for the installation presented in our study, the investment costs were as much as approx. EUR 10,268/kW of electricity with efficiency coefficients of 32% and 47%, respectively. The above-mentioned values have a significant impact on the economic effect; after taking them into account, the overall balance sheet and economic indicators would be similar.



Some estimates show that the introduction of fees for GHG emissions will reduce the average profits of farms by as much as 7.2 percent [70]. Within our study, such losses were estimated at a level of approx. over 20% if the manure was covered and compacted and, if left without any protective treatment, as many as several dozen. The estimated costs in New Zealand after the introduction of fees for CO2eq emissions (approx. EUR 200 per ton) for an average herd of 414 cows may, in extreme cases, be as much as approx. USD 230,000 per year [128]. Comparable values will be obtained in Poland; assuming the values from the current study for a herd in Poland three times smaller (140 cows) and for almost twice as low fees (less than EUR 91 per ton of CO2eq), this amount would be approx. EUR 226,120 (this results from the following conversion: 2 × 3 × EUR 37,686 per year for CO2eq emissions). However, some national studies have shown that both the lack of subsidies and the decrease in revenues (sometimes by as little as 20%) or the necessary change in substrates may make the investment unprofitable [129]. In the case of this study, such a negative factor could be the introduction of a fee for emissions and their payment, or the need to change substrates, which may contribute to significant operational (and thus financial) problems [130].



Concerning the second aspect, any form of management shortly after manure collection can significantly reduce emissions, as this work and many others have shown [30,49]. In the case of this study, CO2eq mitigation after the use of a biogas plant would be almost 270 times higher than uncovered and uncompacted manure and 54 times higher than covered and compacted manure. This simple and relatively cheap protective measure allows for almost four times the reduction in emissions compared to standard manure stored in a heap. The reason for this is the low impact on methane emissions from the heap; according to the IPCC [81,82,83] it is just over 10%, while the values are several dozen times higher in the case of nitrous oxide and ammonia. Similar claims can be found in a study of almost 20 years ago [37], as well as others [131], that showed that compacting and covering manure with plastic sheeting had the potential to reduce NH3 emissions by more than 90% and nitrous oxide by about 30%. An almost complete reduction in CH4 emissions as a result of manure management in a biogas plant—at least 90%—has been indicated in many studies [49,62]. Some sources even specify the use of biogas units as sources of avoided CH4 emissions [132,133,134,135].



In addition, it was shown in the work that already as a result of significant losses, primarily from nitrogen compounds, the composition of the digestate may be richer in these nutrients [136,137,138].



Beyond the aforementioned, the study has revealed that as a result of significant losses from poorly stored manure (oxidation, leachate), primarily from nitrogen compounds, the digestate composition may be even richer in these nutrients. Moreover, if during methane fermentation the reduction in nitrogen and phosphate in post-fermentation manure takes place, it is minimal and lower than its loss from unprotected manure [55,139,140]. In a 2005 study [37], it was found that compaction and covering of manure with foil allows N and K to be retained in the manure heap, providing agronomic benefits. In addition, there are scientific reports that the methane fermentation process allows for a significant reduction in the negative impact of antibiotics present in manure on the soil biocenosis [141,142]. Applying digestate as a crop fertilizer is the most economical option; this approach allows for using the digestate’s nutrients and reducing chemical fertilizer costs [143].




5. Conclusions


Since the carbon footprint is already a standard cost component in many industries, it should be expected that in the near future it will also be an element of the economic balance of a dairy farm. This aspect is being raised more and more often due to the need to convert to green milk production, as well as the oversupply of milk on the market and the climate and energy crisis (indirectly also the fertilizer crisis). The farmer, as a future investor, may be forced directly or indirectly (penalties, taxes, reduction in subsidies, etc.) to include fees for carbon dioxide equivalent emission permits in the price of milk. In such a situation, dairy cow breeders will also be covered and this may mean significant costs and, thus, financial losses.



The amount of greenhouse gases emitted during the storage and handling of manure ranges from negligible to the largest sources on dairy farms. If landfilling was excluded, for example by direct use in a biogas plant, greenhouse gas emissions from manure processing would be so low that they could be neglected in the estimates.



Since the use of the mechanism of fees for GHG emissions is a matter of the coming years, regardless of its size and method of calculation, it should be included in the economic estimates of future investments in biogas plants built on farms (including dairy farms).



Most of the dairies, not only in Poland but also almost all over the world, cannot afford to incur expenses for the construction of a complete biogas plant with a cogeneration installation on their own. The growing interest in such solutions has been, is and should be supported by subsidies from government agencies and organizations. In the current situation of falling milk prices, even with subsidized support to offset initial capital investments, small dairy farms often lack the scale necessary to generate a positive return on investment. In the presented study, the farm had a very efficient production system and a large number of productive crops, and was able to purchase additional substrates relatively cheaply, which is not a common phenomenon, especially in Central and Eastern Europe.
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Figure 1. Free-stall barn on the case study dairy farm (lying place). 
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Figure 2. Uncovered and uncompacted heap in the field. 
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Figure 3. Manure on a manure plate at the cowshed. 
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Figure 4. Visualization of the stand for measuring biogas efficiency of batch culture. (1) gas measuring tubes, (2) scale, (3) gas valve, (4) water bath. 
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Table 1. Coefficients for energy calculations.






Table 1. Coefficients for energy calculations.





	Coefficients
	ƞe
	ƞt





	Pe < 50 kW
	0.18–0.30
	0.65–0.50



	Pe 50–250 kW
	0.30–0.40
	0.50–0.46



	Pe > 250 kW
	0.40–0.43
	0.46–0.43










 





Table 2. Nitrous oxide and methane emission streams for individual variants.
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Parameters

	
M CH4

	
M N2OD

	
M N2OG

	
M N2OL






	
Variant/Unit

	
Mg CH4/year

	
Mg N2O/year




	
M + F

	
6.82

	
0.25

	
0.504

	
0.0630




	
M + F + P

	
1.20

	
0.13

	
0.050

	
0.0019




	
M + B

	
0.00

	
0.00

	
0.005

	
0.0001











 





Table 3. Annual production of CO2eq.
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	Parameters
	M CH4
	CO2eq-CH4
	Sum M N2O
	CO2eq-N2O
	Sum of CO2eq





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



	M + F
	6.82
	170.418
	0.819
	244.18
	414.60



	M + F + P
	1.20
	30.074
	0.178
	53.16
	83.23



	M + B
	0.00
	0.000
	0.005
	1.54
	1.54










 





Table 4. Characteristics of co-substrates and methane efficiency.
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	Parameters
	Dry Mass Content
	Methane Efficiency
	Used Substrate
	Used Substrate
	Methane Production





	Substrate/Unit
	%
	m3·FM/Mg
	Mg/year
	Mg/d
	m3/year



	Manure
	15.59
	35.82
	2811
	7.70
	100,672



	Grass silage
	30.76
	107.32
	370
	1.01
	39,708



	Mix aftercrops
	18.66
	61.21
	530
	1.45
	32,441



	Maize silage
	39.19
	127.33
	345
	0.95
	43,928



	Wheat straw
	90.78
	240.05
	240
	0.66
	57,612










 





Table 5. Energy and economic balance parameters.
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	Parameters
	Unit/Variant
	M + B





	Energetic value of methane W CH4
	MWh/m3
	0.009968



	Electrical efficiency ηe
	-
	0.32



	Heat efficiency ηh
	-
	0.47



	Operating time of the CHP unit
	h/year
	8200



	Feed in Tariff
	EUR/MWh
	195



	Heat price
	EUR/GJ
	29



	Cost of Biogas and CHP installation
	EUR
	712,299



	Digestate price
	EUR/Mg
	23



	Substrate mass
	Mg/year
	4296



	Mass reduction during fermentation
	Mg
	349



	Percentage mass reduction
	%
	8.13



	Digestate production
	Mg/year
	3946










 





Table 6. Energy performance of a biogas plant with CHP.
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	Parameters
	Unit/Variant
	M + B





	Electric energy Ee
	MWh/year
	875



	Electric power Pe
	kW
	107



	Heat production Et
	MWh/year
	1285



	Thermal power Pt
	GJ
	4627



	Thermal power Pt
	kW
	157



	Electric energy for own use
	%
	6



	Heat for own needs
	%
	12










 





Table 7. Economic data for dairy production and biogas installation.
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	Parameters
	Unit/Variant
	M + B





	REVENUE
	
	



	Revenue from selling produced electricity
	EUR
	160,489



	Revenue from selling generated heat
	EUR
	115,791



	Revenue from selling produced digestate
	EUR
	88,087



	Annual milk production
	L/year
	342,188



	Milk production costs, annual average
	EUR/L
	0.44



	Selling price, annual average
	EUR/L
	0.45



	Revenue from the sale of milk
	EUR/year
	23,953



	COSTS
	
	



	Substrate costs
	
	



	Manure
	EUR/Mg
	18



	Grass silage
	EUR/Mg
	49



	Mix aftercrops
	EUR/Mg
	35



	Maize silage
	EUR/Mg
	66



	Wheat straw
	EUR/Mg
	60



	Substrate costs in total
	EUR
	123,608



	Running costs
	
	



	Service rate
	EUR/MWh
	4



	Service cost
	EUR
	3907



	Cost of technology service
	EUR/month
	313



	Cost of technology service, yearly
	EUR/year
	2679



	Cost of CHP unit service
	EUR
	4129



	Insurance cost
	EUR
	1674



	Cost of hiring personnel
	
	



	Level of staff involvement
	%
	80



	Maintenance workers salary
	EUR/month
	1339



	Personnel costs
	EUR/year
	12,857



	Total installation operating costs
	EUR/year
	148,854



	Amortization costs
	
	



	Cost of biogas and CHP installation
	EUR
	712,299



	Amortization period
	years
	10



	Interest rate
	%
	6.75



	Cost of amortization
	EUR/year
	100,247










 





Table 8. Base economic balance.
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	Parameters
	Unit/Variant
	M + B





	ECONOMY BALANCE
	
	



	Revenue
	EUR/year
	388,320



	Costs
	EUR/year
	249,101



	Profit before tax
	EUR/year
	139,219



	Tax rate
	%
	18



	Profit after tax
	EUR/year
	114,159



	Payback period (PB)
	Years
	6.24



	Return of Capital Employed (ROCE)
	%
	16.0










 





Table 9. Economic balance for different scenarios (excluding revenues from heat).
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	Parameters
	Unit/Variant
	M + B





	ECONOMY BALANCE (excl. revenues from heat)
	
	



	Revenue
	EUR/year
	248,576



	Costs
	EUR/year
	249,101



	Profit before tax
	EUR/year
	−525



	Tax rate
	%
	18



	Profit after tax
	EUR/year
	−525
