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Abstract

:

The article addresses the progressive changes in the climate caused by increasing concentration of greenhouse gases in the atmosphere. In light of the applicable regulations, Poland should reduce the emissions with significant potential of creating the greenhouse effect. One way to achieve this is to increase the use of renewable energy sources, where biogas energy production is one of the most effective methods. Using the Life Cycle Assessment (LCA) method, the greenhouse gas emissions, expressed as CO2 equivalent generated during the entire logistic process of its production, were calculated.
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1. Introduction


Due to a wide range of products and relatively cheap raw material sources, the agricultural biogas plant sector has an undisputed chance for rapid development [1]. An agricultural biogas plant is a “bio-power plant” used to produce biogas from organic substrates such as: natural fertilizers (slurry, manure, manure, liquid manure); plant biomass (e.g., maize, sugar beet, grass, rye silage); and by-products of the agri-food industry (e.g., stillage, potato pulp, whey, pulp, vegetable and fruit residues) [2]. Agriculture can provide substrates defined as “agricultural by-products and waste”, which also include food waste [3]. Mixing different residues can improve the efficiency of biogas production, while ensuring production continuity as the seasons change [4]. The conversion of by-products and waste products into biogas is important for environmental protection, while generating energy [5].



Poland is one of the largest EU countries, with an average level of its forest cover and urbanization predominantly lowland and a small area of inland waters and wastelands [6]. Thus, most of the country’s area is arable land. Compared to other European Union countries, Poland is the third largest agricultural area [7]. The area of Poland is over 31 million ha, with agricultural land in 2019 amounting to approximately 15 million ha, while the fallow land additionally amounted to 1 million ha [8]. According to the data [9], 1.9 million hectares of agricultural land are needed to produce 10 billion m3 of methane.



Among the EU countries, Germany has the highest percentage of biogas energy production as a percentage of renewable energy sources and its share in the structure of obtaining energy from renewable sources is over 20%, compared to about 3% in Poland [10]. Poland’s potential, for obtaining waste biomass, from the theoretical point of view, may be compared with German market, which is dynamically operating in the RES sector; unfortunately, in practice, Poland has only implemented limited improvements to harnessing potential biogas [11,12,13]. Meanwhile, 2030, with the prospect of reducing CO2 emissions by 55% and emission prices of at least EUR 76/ton, is fast approaching [14]. In this context, there is an exploitable opportunity for biomass, in particular for biogas. Specialists from the Institute of Biosystems Engineering of the University of Life Sciences in Poznań estimated [15] that the use of nearly one hundred million tonnes of animal excrements, ad various types of straw and waste from the agri-food industry may result in the production of over 14 billion cubic meters of biogas, which gives a volume greater than all natural gas imports from Russia.



In 2018, the domestic greenhouse gas emissions (calculated in CO2 equivalent) were dominated by carbon dioxide, whose share in total emissions was 81.8%, methane (CH4) was 11.8%, and nitrous oxide (NO2) was 5.4%. Worldwide agricultural activities emit 52% methane (CH4) and 84% nitrous oxide (NO2) [4]. In total, the agricultural sector emitted GHG in the amount of 33.1 thousand kt in CO2 equivalent [4]. On a Polish scale, agriculture is, after the energy sector, the second largest producer of methane [16], i.e., the most aggressive gas in terms of its impact on the creation of the greenhouse effect (23 times more harmful than CO2). The conducted research shows [17] that farms are responsible for about 16–27% of all anthropogenic emissions. Agricultural emissions take place at every stage of production, from seed preparation to harvesting and storage of finished products. The forecasts of the International Energy Agency (IEA) are that by 2030 the global CO2 emission may increase by as much as 45% [18].



In 2021 in Poland, the number of installations included in the register of agricultural biogas producers kept by the National Agricultural Support Center was 103 [19]. At the end of April 2021, 490.144 million m3 of biogas was produced, the total installed capacity was 120.397 MWe, and the total amount of electricity produced from agricultural biogas amounted to 646.284 GWh [20]. It is worth mentioning that the micro-installation sector is also developing in Poland. The quarterly report of energy producers in micro-installations shows that in August 2020 there were 22 such biogas plants. In micro-installations, the amount of electricity introduced to the electricity distribution network for the first half of 2020 was 539,787.858 kWh [21]. The planned installations can produce 4 billion m3 of biomethane annually within 10 years, which would constitute 20% of the domestic demand. Biogas production is a combined system increasing the efficiency of using green natural resources, disposal of waste, while production of renewable energy delivers environmental benefits and increases Poland’s energy security, and also fits in the new paradigm of sustainable development [22].



The concept of sustainable development also occurs in logistics in the context of the supply chain, in which the aim is to organize the flows that are implemented in such a way that they have the least impact on the condition of the natural environment, and thus on the quality of life of the society. M. Sołtysik [23,24,25] notes that many authors begin their considerations on the essence of logistics by showing the consequences of spatial dispersion of places: the origin of raw materials, the production of final products, as well as their consumption and consumption. As M. Christopher [24] writes, “the goal of logistics generally boils down to ensuring availability”. This accessibility has a dimension not only in terms of time and space, but also in terms of economic efficiency (cost of access). The goal of logistics understood in this way is reflected in the well-known definition (rule) 7R presented in 1985 by R.D. Shapiro and J.L. Heskett, and also fits perfectly into the concept of generating energy from renewable sources, including biogas [26].



So, what is the purpose of logistics due to the specific requirements of biomass as a raw material? The final effect of the operation of logistics processes is to ensure a stable resource base for entities involved in the production of energy from biomass. In many cases, obtaining biomass is difficult due to being widely dispersed. In order to avoid the movement of large masses of biomass over long distances, which causes CO2 emissions, it is reasonable to create local biomass markets and logistic systems that minimize the costs of obtaining, transporting and storing biomass. Local biogas plants could be such a solution. Factors that should be considered in the safe management of the biomass supply chain are, among others [27]:




	−

	
Type of biomass;




	−

	
Physical, chemical and mechanical properties of biomass;




	−

	
Raw material availability;




	−

	
Technical possibilities of transport;




	−

	
The possibility of pre-treatment before the conversion process;




	−

	
Location of energy production sites.









The use of biomass requires measures to be taken throughout the supply chain, including raw material extraction, production, distribution and use of biomass, including transport and storage. Taking as the criterion the source for energy production in renewable energy technology, we distinguish two groups of management in logistics:




	−

	
Complete supply chain management (CSCM) with solid and liquid biomass as an energy source;




	−

	
Partial supply chain management (PSCM) with solar energy, wind, geothermal energy, hydropower, etc. [28,29,30].









The complete supply chain (CSCM) covers the supply of raw materials and materials for energy production and maintenance as well as the energy production and distribution process itself. The goal of supply chain management is to increase efficiency while reducing operating costs, and above all to adapt energy production to the needs of customers [31].



Achieving the above assumptions should also be consistent with the aforementioned principles of sustainable development, which requires the integration of activities in three key areas: economic, environmental and social. In practice, the tools allowing for such a combined assessment are used to a limited extent. On the other hand, tools are commonly used, thanks to which it is possible to assess the scale of the effects arising in each of these three areas separately. Considering the directions of the energy development, which includes the promotion of energy from renewable sources, including biomass, more and more attention is paid to the aspect of reducing CO2 emissions. The most popular tool supporting the process of emission analysis is the use of the Life Cycle Assessment (LCA) methodology, which allows for the identification and prioritization of environmental hazards occurring in the life cycle of products or processes, and consequently creates the basis for determining the methods of minimizing them.



Life Cycle Assessment is a relatively new method of environmental management [32]. It allows the identification of the most important environmental aspects and assessment of their impact on the environment throughout the life cycle of a given product (i.e., “from cradle to grave”), starting from obtaining raw materials through the production process, use and final waste management [33]. It can be concluded that an agricultural biogas plant is an installation that perfectly complies with the principles of sustainable development also in terms of the logistics process [34].



The increase in the share of renewable energy sources in the world fuel and energy balance contributes to the improvement of the efficiency of the use and saving of energy raw materials, improvement of the environment by reducing the emission of pollutants into the atmosphere, and thus contributing to counteracting negative climate warming. Theoretical analyses show that as a result of production 1 GJ of primary energy (from burning an appropriate amount of fuel), approximately 98 kg CO2 is generated if coal is burned and 56 kg CO2 if high-methane gas is burned. The amount of carbon dioxide emitted to produce 1 MWh of electricity is specified at about 350 kg/MWh for fossil fuels (hard coal) and 201.6 kg/MWh for high-methane gas, respectively [35]. Direct combustion of 1 m3 of agricultural biogas results in the emission of 1.96 kg of CO2. For comparison, 1 m3 of landfill gas emits 9.2 kg of CO2 [36]. The research carried out so far [37] has estimated the overall greenhouse gas reduction potential with the use of agricultural biogas technology up to 148%.



The aim of this study is to investigate for several substrates (edible plant—corn, agricultural waste—slurry) the level of carbon dioxide reduction in the life cycle of products during biogas production.




2. Materials and Methods


2.1. Purpose and Methodology of Research


The article describes in detail the LCA method used in the analysis and collected literature data on crops, which at a later stage were used to calculate the final greenhouse gas emissions expressed in carbon dioxide equivalent (CO2eq).



The analysis of the reduction of carbon dioxide emissions resulting from the production of energy from agricultural biogas was performed based on the data for crops, taking into account the simulated operating parameters of plants producing agricultural biogas.




2.2. Description of General Assumptions


In the analysis, a model of a biogas plant was used, in which the technological process is based on methane fermentation taking place in mesophilic conditions, because in Poland this is the most used and the most effective process [38,39].



One of the substrates most used in biogas plants in Central and Eastern Europe is maize silage. In 2018, approx. 480 thousand tons of silage were used to produce biogas. A typical biogas plant with a capacity of 1 MW of electricity consumes 70–80 tons of maize substrate per day [40].



Apart from maize, the most frequently used substrate in Poland in biogas installations was slurry, of which approx. 760 thousand m3 were used in 2018 [41]. Therefore, the analysis will cover technologies based on the use of the above-mentioned substrates. The assumption was that the produced biogas would be used in the process of high-efficiency cogeneration. The generated heat will be used to cover own needs, and above all, to heat the fermentation chamber. It was assumed that heat energy for own needs will constitute 25% of the total energy generated in the installation. The raw material will be transported by a truck powered by diesel fuel over a distance of 30 km.



The analyses were carried out for separate substrate variants, which are:




	−

	
Variant I—agricultural biogas production is based only on the use of maize silage.




	−

	
Variant II—agricultural biogas production based on a substrate mix consisting of a mixture of maize and cattle slurry in the ratio of 70:30 [42].









Variant II was used because it is a representative example for Polish conditions [43].



The construction of the computational model consisted of creating a sequence of logical dependencies between the sub-processes included in the analyzed processes. A graphical representation of such an activity is the product life cycle (Figure 1), where the stage of obtaining raw materials, processing them and obtaining energy, producing the product and its consumption, are interdependent processes according to the LCA approach. Obtaining electricity from each installation is treated in the simulation as a logistic process—it includes numerous data, such as obtaining raw materials, physical and chemical parameters of the raw material, physical and mechanical parameters of the installation (efficiency, lifetime, efficiency, etc.), supplementary processes and auxiliary [44].





3. Results


3.1. Calculation of CO2 Emission Reduction for Variant I (Maize Silage)


At the beginning of the analysis, the potential amount of gross biogas yield was established. The adopted values necessary for calculations, based on the relevant literature data [35,45], were:




	−

	
Mass of the substrate—1 t.;




	−

	
Dry matter content—32.5%;




	−

	
Content of dry organic matter—90.8%.









It was assumed that the yield of maize is at the level of 60 [t/ha]. The biogas yield from one ton of maize forage was determined at 190 [m3/t], which was converted into biogas yield per hectare of 60 [t/ha] × 190 [m3/t] = 11,400 [m3/ha]. The calorific value (CV) of biogas was determined at 25 MJ/m3, which corresponds to 5.4 kWh. After processing the above data, the following energy value was obtained: 1026 kWh/m3/t of silage. The amount of biogas losses because of various leaks in the biogas system was assumed to be about 2% (20.52 kWh/m3 is irretrievably lost), the electrical efficiency is 35% and the thermal efficiency is 45% (the overall efficiency of cogeneration was assumed to be 80%). Therefore, from the installation adopted in the simulations, there will be 351.9 kWh of electricity and 452.25 kWh of heat. Further, 25% of heat energy in the amount of 90.45 kWh will be used for own needs, mainly to maintain a certain temperature.



3.1.1. Calculation of the Value for Stage I


Stage I, as illustrated in Figure 1, consists of unit processes such as cultivation, agrotechnical works and transport of raw materials. In order to calculate the amount of carbon dioxide emitted to the atmosphere due to energy consumption for growing the substrate in the form of maize, the amount of CO2eq emitted due to agricultural works and industrial production of fertilizers used for cultivation was determined. When starting the calculation of the emissions during agricultural work, it was assumed that plowing, harrowing, fertilizing three times and sowing maize requires six times the use of a farm tractor per hectare. This entails, in order to obtain a yield of 60 t per ha, diesel consumption in the amount of 154 [kg/ha]. Therefore, to produce one MWh in biogas, it is needed to cultivate 0.0125 hectares and use 0.0125 [ha/MWh] × 154 [kg/ha] = 1.92 [kg ON/MWh] = 0.53 [g/MJ].



When starting the calculation of the amount of CO2 emitted during the application of mineral fertilizers it was assumed that the recommended doses of artificial fertilizers for the cultivation of maize for silage are as follows: phosphorus—300 kg/ha, urea—150 kg/ha and ammonium nitrate 20–250 kg/ha [46,47,48]. Knowing the percentage of NPK in the fertilizer and the corn yield (60 t), the following demand for fertilizers was assumed:




	−

	
Synthetic nitrogen fertilizer: 169 kg N/ha/year;




	−

	
Calcium fertilizer: 780 kg CaO/ha/year;




	−

	
Potassium fertilizer: 90 kg K2O/ha/year;




	−

	
Phosphorus fertilizer: 60 kg P2O5/ha/year.









One should also take into account the field emissions of N2O, which I will take according to the calculation of the Biograce II = 6.07 gCO2eq/MJ biogas calculator used, inter alia, in numerous Polish articles [49,50,51,52]. The corn grown in this way is then transported to a biogas plant. In order to determine the amount of CO2eq emitted during the transport of maize, it was assumed that the distance of the maize green fodder harvesting site from the biogas plant was equal to 30 km. A truck with a load of about 20 tons and a semi-trailer consumes 40–45 L of diesel/100 km. The values quoted above show that 1 L of diesel fuel is 154 [kg/ha]/183 × [L/ha] = 0.84 kg of diesel.



Thus, it was assumed that the lorry consumes on average 42.5 L × 0.84 kg/L = 35.7 kg of diesel per 100 km and, respectively, for the discussed transport of diesel fuel:


Z × Q/Ł = 10.71 [kg of diesel] × 0.96 [t/MWh]/40 [t] = 0.257 [kg of diesel/MWh],








where: Z = L = 35.7 [kg] × 30 [km]/100 [km] = 10.71 [kg of diesel], it is the diesel consumption for transport by a lorry 40 [t] over a distance of 30 km. After summing up all the calculated indicators at stage I—i.e., transport, harvesting and cultivation of maize, the emission amounts to 13.62 g CO2eq/MJ of biogas.




3.1.2. Calculation of the Value for Stage II


Stage II is direct methane fermentation. For the full calculation of the balance, biogas losses must be taken into account as 2% of the total energy of the produced gas. According to the calculations of the Biograce 4.0 calculator, these losses amount to 2.22 gCO2eq/MJ of biogas.



Another component of the methane fermentation process are emissions resulting from the feeding of pumps and mixers in the fermentation chamber, as well as heating the fermentation chamber. For this purpose, in the further part of the assumptions for the analysis, it was assumed, regardless of the type of substrate used, that the energy inputs (electricity) amount to 0.0097 kWh/1 MJ of biogas for feeding the loading pump and mixers in the fermentation chamber, 0.011 kWh/1 MJ of biogas for purification of biogas. According to the Biograce calculator, these emissions are 0.32 gCO2eq/MJ biogas.




3.1.3. Calculation of the Value for Stage III—The Energetic Use of Biogas


At this stage, according to further calculations of the tool, the emissions caused by the surplus of energy produced are 9.95 gCO2eq/MJ biogas. Summing up the emissions from all stages of biogas production from maize silage gave the value of 27.2 gCO2eq/MJ biogas. After converting this value to the second functional unit, which is already MJ of electric energy, this value was 86.2 g CO2eq/MJ electric energy. The reference amount of carbon dioxide from fossil fuels is 186 gCO2eq/MJ electric energy. The reduction in this analysis was 54%.





3.2. Calculation of CO2 Emission Reduction for Variant II (Substrate Mix—70% Maize Silage and 30% Slurry)


In this variant, changes in the amount of CO2 emissions will be visible only in the first stage of the entire life cycle. As already mentioned in the general assumptions and descriptions of individual variants, the slurry at stage I, i.e., obtaining the raw material, is considered as agricultural waste. The slurry used for the production of biogas, and thus disposed of, is considered to be zero-emission.



In order to calculate the overall balance of CO2 emissions reduction, we can therefore conclude that the emissions at the stage of methane fermentation and energy use of biogas will be the same as in the case of variant I, i.e., biogas production from maize silage. Emissions will differ only at stage I—here you should reduce the emissions by the percentage of the slurry share. In this case, the emissions generated during the production of the raw material at stage I amounted to 9.56 gCO2eq/MJ of biogas. Other emissions remain unchanged. Obtaining biogas from the substrate mix then generates 22.03 gCO2eq/MJ biogas. After converting this value to the second functional unit, which is already MJ of electricity, this value was 69.8 gCO2eq/MJ electric energy. The overall reduction of CO2 emissions in this instance was 62%.





4. Discussion


Based on the conducted analysis and the obtained calculation results, it was found that the use of biogas production technology contributes significantly to the reduction in greenhouse gases, even though some stages of the process often cause significant emissions of these gases to the atmosphere.



The results show that the reduction in the level of emission reduction occurs with an increase in the share of substrate burdened with deliberate cultivation and numerous energy inputs—in the case under consideration it is maize from which we obtain silage. Such a statement is confirmed by the fact that when using silage as the only substrate for a biogas plant, almost half of the emissions generated are generated during the first stage, i.e., the process of obtaining the substrate (according to the calculations of 13.62 gCO2eq/MJ biogas). Field emissions and emissions related to the use of nitrogen fertilizers account for the largest share in the energy and emission balance of the maize silage cultivation process at stage I.



The remaining greenhouse gas emissions from the technological process stage (stage II), i.e., the emissions from energy consumption from conventional raw materials needed to heat the digester, as well as emissions caused by surplus electricity (stage III), amounted to 13.58 gCO2eq/MJ biogas. The overall emissivity of the biogas production process from maize silage was 27.2 gCO2eq/MJ biogas, which translated into a 52% reduction in greenhouse gas emissions.



In the second considered case of the substrate mix (70% maize silage plus 30% slurry), the emission reduction was 10% more than in the case of using only maize silage. This is due to the fact that the slurry at the acquisition stage is a zero-emission substrate. It is agricultural waste, which, if not managed and properly utilized, would emit significant amounts of greenhouse gases into the atmosphere. The total greenhouse gas emissions expressed in CO2 equivalent during the production of biogas from the substrate mix amounted to 22.03 gCO2eq/MJ biogas. This results in a reduction of CO2 emissions of 62% compared to CO2 emissions from fossil fuels.




5. Conclusions


The results presented above show that the use of the substrate mix as a biogas input is more effective and economical in terms of CO2 emissions in terms of climate and environmental protection.



The analysis shows that both when using maize silage and the substrate mix for biogas production, the reductions in greenhouse gas emissions expressed in CO2 equivalent amount to over 50%. In the case of the substrate mix, the savings in emissions compared to the required threshold are large, amounting to 12%. The biogas installation has a positive effect on the environment, contributing to the reduction of the greenhouse effect, and should be used in Poland. In the case of a biogas plant based only on the cultivation of maize silage, the reduction of emissions is lower and amounts to 52%.



As a result of a series of studies and experiments, it was found that the methane fermentation process itself, assuming the tightness of the installation, proceeds without major emissions of greenhouse gases into the atmosphere. Stage I (described above) generates the greatest release of harmful gases into the atmosphere. Thus, the emphasis should be on limiting gas emissions in the preliminary stage during the deliberate cultivation of plants. In addition, reducing the transport distances of raw materials for the production of biofuels also affects the final result of reducing CO2 emissions. Also, the use or exploration of less emitting crop fertilizers can bring benefits in the amount of CO2 emissions reduction of up to 5%.
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Figure 1. A simplified diagram of the life path of raw materials for energy production from biogas. Source: own elaboration. 
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