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Abstract

:

Currently, one of the main directions of agricultural development in Poland is the pursuit of sustainable development, rational management of material resources, and striving for energy self-sufficiency, while maintaining low greenhouse gas emissions. It is an alternative to constantly supported coal solutions. Sustainable development in the sense of processes taking place in enterprises affects many key areas of their activity. One of them is the measurement of efficiency, another is the compatibility with nature and the environment, and the perception of humans and their role. Measures of enterprises’ effectiveness should be considered in relation to the objectives of the enterprise. Biorefineries play a special role in shaping the new energy reality, being a system that connects various devices and biomass conversion processes to produce energy, fuel, and other valuable products. The essence of the functioning of biorefineries is as value chains; that is, a series of interrelated activities of specific importance and market value. The study aims to identify the determinants and efficiency of value chains in agricultural biorefineries according to the concept of sustainable development and the use of biomass resources in biorefining processes. Identifying and analyzing individual stages allows one to demonstrate the effectiveness of the implementation of technology using renewable energy sources, according to the concept of sustainable development and the implementation of the direction of the circular economy.






Keywords:


value chain; sustainable development; biomass; biomass refinery; efficiency












1. Introduction


The main direction of agricultural development in Poland is the pursuit of sustainable development [1,2,3]. Next is rational management of material resources [4]. Last but not least is striving for energy self-sufficiency, while maintaining low greenhouse gas emissions. It is an good alternative to con-stantly supported coal solutions [5,6]. Sustainable development as politics, in the sense of processes taking place in enterprises affects many key areas of their activity [7]. Biorefineries play a special role in shaping the new energy reality [8], being a system that connects various devices and biomass conversion processes to produce energy, fuel, and other valuable products [9,10]. The essence of the functioning of biorefineries is as value chains; that is, a series of interrelated activities of specific importance and market value [11,12]. Very important is to know, which can allows one to demonstrate the effectiveness of the implementation of technology using renewable energy sources [13], according to the concept of sustainable development and the implementation of the direc-tion of the circular economy. According to Michael Porter and other researchers [14,15,16], the value chain is a conceptual term of added value, focusing on activities ranging from raw materials to processing into final goods or services. The author divides the organization into two main areas of activity—“basic activities” and “supporting activities”. The former directly relates to creating and delivering a product or service and is linked to the latter in helping improve its effectiveness or efficiency, e.g., through technology development or a management system. The transporting of biomass to biorefineries is a very important element in the value chain. Logistic efficiency consists of the type of biomass, cargo volume, cargo weight, distance, and cost for each kilometer of travel.



Authors made a calculation of the costs of transporting solid biomass to analyze the logistic efficiency of biomass used in the power industry.



The authors carried out a thought process regarding the supply chain and developed research and calculations of the necessary part, which is supply logistics and transport.



The concept of the value chain helps to determine cost behavior [17,18]. Based on a detailed analysis, strategic and traceable directions of action can be determined. The value chain can be an important tool for a company in diagnosing and explaining how management aims at achieving a competitive advantage [19,20]. The interrelationship between elements of the value chain is an important explanation for the competitiveness nature—an advantage in large and complex organizations [21,22,23].



Based on the sustainable development principles, Figure 1 show the added value of the value chain can be recorded in the following form:



In Poland, according to a project called Roadmap for transformation towards a circular economy, adopted by the RM resolution in 2019, it is important to build local value chains in areas focused around local biorefineries that will be able to produce high-quality raw materials of biological nature in quantities consistent with the entrepreneurs’ expectations. In this context, the bioeconomy represents a great opportunity for the development of local communities in rural municipalities. Cooperation between the different actors in value chains can create new and financially attractive jobs.



As an integrated system that combines different biomass conversion processes and biomass processing equipment in one production plant, a biomass refinery requires an optimized selection of value chain transformations, depending on the raw material type, conversion technology, and obtained products [24]. The products of biorefinery processes can be final or intermediate—for using in other processes.



Biorefining gives a chance to extract the potential of biomass in Poland without competing with food production in any way.



Various biorefinery systems can be distinguished due to the types of raw materials, agricultural and from other sources, such as wood, food, or the tech industry [25,26,27]:




	
Refineries from whole crops—the substrate is the whole plant, e.g., oil refinery, in which oilseeds (rapeseed, sunflower, soybeans) are used;



	
‘green’ refineries with inedible ‘green’ parts of plants or whole energy crops (e.g., wet biomass, green grass, alfalfa, clover, unripe grain, unsuitable for agriculture, and food industry plants or their parts);



	
Lignocellulosic refineries, based on lignocellulosic biomass (e.g., straw, forestry waste, wood, paper);



	
Two-platform refineries (producing syngas and sugars in one product in the first technology platform with simultaneous fuel production in the second platform), based on renewable raw materials (waste from agriculture, forestry, food industry, biodegradable municipal waste).








In recent years, the Ligno Cellulosic Feedstock Biorefineries (LCFBR) has become particularly important. It uses fractionating lignocellulose-rich biomass sources into intermediate cellulose, hemicellulose, and lignin output streams, from which bio-based end products, chemicals, fuels, electricity, and heat can then be obtained. Biomass rich in lignocellulose is expected to become the most important source of biomass in the future, as it is widely available at a moderate cost, and its cultivation and use will compete less with food and feed crops [28,29]. Process of research is show on the Figure 2.



Focusing on agriculture, the concept of a biorefinery is based on the use of materials of agricultural origin in conversion processes, including:




	
Biomass from crop production.



	
Biodegradable waste products of plant or animal origin.



	
Dedicated plants grown for energy purposes.








Thus, there are many concepts of biorefinery systems, depending on the type of raw material, the employed technological processes, and the final products. However, each of them requires the analysis of individual processes, including pre-treatment and biomass conversion of produced products.



The assessment of the efficiency of biorefinery value chains can be carried out using various criteria, i.e., considering, for instance, the use of biomass, costs resulting from the value chain, the processes implementation time, the type of technologies, etc.




2. Analysis of the Processes That Make up Value Chains in an Agricultural Biorefinery


2.1. Supplying Raw Materials (Input)


In an agro-biorefinery, three basic processes forming the value chain can be distinguished (Figure 3):



In the value chain, this stage concerns the supply of biomass to refineries. The profitability of supply is related to the acquisition costs, the substrate quality and properties, the certainty of supply over several years, and the farms’ proximity and substrates production [30,31,32]. Myczko (2011) reports that substrates availability should not exceed a distance of 10–30 km from the biorefinery. The local use of biomass is beneficial due to protecting the natural environment, resulting from the reduction of CO2 emissions during transport, reducing delivery costs, using wastelands, and creating new jobs [33,34].



Due to the different forms of transported biomass, an appropriate means of transport should be used. Liquid biomass can be transported by traditional slurry tankers and barrel trucks; similarly, fixed biomass with the help of spreaders or trailers. Dry biomass can be supplied in the following forms: pressed (cubes. straw bales), loose (husks, sawdust, wood chips, bran), solid (willow rods, boards, sawmill cuts), or packed on europallets (Euro standard packaging 80 × 120 cm, 24 europallets on one truck) of different weights (briquettes, pellets) [35].



It is considered that the size and power of energy equipment in biomass refineries should depend on the availability of substrates as close as possible from the installation. In the case of a short distance from the installation, it is rational to obtain substrates with low efficiency, low bulk mass, and low dry matter content. On the other hand, the supply of substrates from longer distances is economically justified, provided that their high biogas productivity is high [36,37].



Currently, the supply of biomass is most often carried out by road. Vehicles with a small capacity (up to 8 t) can be used to transport loose biomass in light local transport, while large-size trailers are used to transport straw or hay. For long distances, low-tonnage (7–16 t) or high-tonnage (24–28 t payload) vehicles are used. Biomass transport can also be carried out by dump trucks, cars with self-unloading devices, or in containers [35].



The researcher Zarębski in his research, showed the importance of waste availability. Among the surveyed biogas plants in Poland, in 30 of them the average spatial availability of biogas from fertilizers, i.e., the potential accumulated per 17 km from the biogas plant, was above 200 TJ (terajoules). In 17 biogas plants, the annual biogas capacity was 2–4 million m3; in 10, it was 6–8 million m3; and in three, it was at the level of 8–10 million m3.



The method of settling biomass supplies depends on the contract concluded between the supplier and the recipient. Companies ordering biomass calculate the price per GJ of energy depending on the amount of energy contained in biomass, the weight of supply, calorific value, and humidity [38].




2.2. Refining (Pre-Treatment and Biomass Conversion)


Pre-treatment is an important process that affects the course of further activities related to the production of bioenergy. Carrying out this process results from the characteristic structure and properties of lignocellulose, contained in the biomass of plant origin. One of the polymers of lignocellulose is lignin, which in a special way reduces the efficiency of fermentation processes. For this reason, the use of pre-treatment is primarily aimed at the disintegration of lignin, subsequently reducing the crystallinity of cellulose, increasing the available, active surface for methane bacteria, and thus increasing the biogas efficiency of the substrate [39,40,41,42].



Many technological processes of biomass delignification (physical, chemical, physicochemical, biological) are known, but not all methods increase the efficiency of biogas. For this reason, a technical and economic analysis of pre-treatment is necessary, which is an important tool for studying the profitability and efficiency of the lignocellulosic biomass process [42,43,44]. Ekman, Wallberg, Joelsson, and Börjesson [45,46] report that the analysis makes it possible to benchmark different pre-treatment methods in terms of optimization by reducing energy consumption and increasing biomethanol efficiency.



Biomass processing technologies in agricultural biorefineries are generally reduced to producing heat and electricity, which can be used for own needs and sale. Until the present moment, conversion in Poland takes place only through combustion in boilers and furnaces and anaerobic fermentation. The others are the subject of laboratory research or used in experimental installations. The threats that inhibit developing and implementing biomass conversion installations are primarily economic reasons (high installation costs), the lack of analyses in the value chain of individual stages in biomass refineries, as well as low public awareness and lack of knowledge related to this type of equipment operation principle [47].



In the world, there are many other solutions, such as biomass gasification, pyrolysis, or electrochemical processing [48,49,50,51,52,53]. Each of these methods have different efficiency, which should be considered in assessing value chains.



Fuels can be obtained depending on the type of biorefinery and processed substrates. They constitute the added value of biomass conversion, which determines the profitability of production to the greatest extent [26].



The energy carriers produced from biomass are biogas, syngas, and liquid and solid fuels [54,55,56]. Biogas is produced in a reactor for the anaerobic digestion of biomass, from which energy can be produced using an internal combustion engine, gas turbine or fuel cell [57]. Moreover, biogas after purification and treatment can be used as fuel for the propulsion of vehicles or injected into the natural gas network [53].




2.3. Selling Conversion Products (Output)


The last element in the value chain is the sale of products obtained in biorefining processes. Depending on the installation and end-use, intermediate and by-products may be created. During methane fermentation, the produced biogas can be either the final product constituting a source of heat during combustion in boilers, or an intermediate product used to produce electricity using a generator coupled with an internal combustion engine. In turn, the by-products produced in the currently operating biomass refineries (single-module processing plants) are: digestate formed in the biogas installation during anaerobic fermentation, distillery decoction derived from alcoholic fermentation, and glycerin, which is a by-product of the transesterification reaction of vegetable oil (fresh or used cooking) with methanol.



In the biomass gasification, the produced hydrogen can be the final product for the propulsion of fuel cell vehicles, or an intermediate product intended in chemical reactions for producing end products, e.g., biodiesel in the Fischer–Tropsch reaction with carbon monoxide.





3. Sustainable Development Determinants in Biomass Processing


Sustainable development is a concept that in recent years has played a key role in the energy sector of many countries [58]. For distributed energy, responsible for biomass processing, this is an important challenge, as it fits directly in developing this segment. Therefore, considering the digital economy or Industry 4.0, the environment of the energy sector becomes more demanding and forces managers of these types of entities to constantly adjust their goals, i.e., increased and continuous measurement of various indicators aimed at improving the scope of efficiency of activities of entities involved in biomass processing. In the long term, it is an opportunity for developing investments in RES on the energy market, including heat producers or capacity market participants, who are currently facing profound forced changes, such as opening and merging markets, changes on the balancing market, or GreenDeal and FIT455 [59].



As one of the RES methods, biomass processing fits well into the concept of sustainable development, because it allows for the achievement of not only an economic or investment goal, but also has a strong positive impact on the natural environment.



That is why renewable energy sources slowly become increasingly profitable. Of course, they use various support systems [60]. Increasingly, sources of small power are being created in individual households. The energy consumer becomes a prosumer [61], and their activity begins to be competitive in relation to the classic (coal) energy generation market [62,63].



Therefore, the model of the energy market and the supply chain on the energy market change as well (Figure 4). Where, on the one hand, there are modern technologies, new sources and possibilities of keeping up with regulation, and, on the other hand, formal and legal solutions, such as trade agreements, market models covering the area of prosumer, storage, or demand and supply management.




4. Resource Assessment (Waste Valorization)


Waste valorization is the process of reusing, recycling, or composting waste materials and turning them into more useful products, including materials, chemicals, fuels, and other energy sources. Its essence is to increase the value of products beneficial to the Polish economy. However, valorization requires a high involvement of many scientific communities, technology providers, enterprises, and administration (mainly local), who share a common aspiration to protect the natural environment by introducing eco-innovation and obtaining high profitability in the production process. It also provides the right direction on the road to a circular economy and effective resource management [64,65].



The potential of biomass in Poland is very large. In 2020, more than 4.4 million tons of raw materials were used for producing agricultural biogas. The largest amount of used material was post-distillation decoction of approx. 921 thousand tons, slurry 760 thousand tons and residues from fruit and vegetables over 700 thousand tons [66].




5. Social Significance of Agro-Biorefinery Development


The sociological dimension of bioenergy development in the aspect of biorefineries is poorly understood. The essence of the creation and operation of biomass refineries in rural areas is primarily to ensure energy security for the local communities, use available resources, raise living standards of residents, create new jobs, and reduce pollution of the natural environment [25,67,68].



Job creation is particularly important. According to the Statistical Yearbook of Labor 2019 (data from 2020), in Poland in 2018, almost 970,000 people were registered as unemployed, of which 46.2% were rural residents [69,70,71,72,73,74]. However, it is satisfactory that the number of people employed in the renewable energy sector increases every year, which may have an impact on socio-economic issues, such as the emergence of specialized professions in rural areas and the promotion of entrepreneurship in local communities [75,76].



The report on the state of renewable energies in Europe [68] shows that the largest number of employees (directly and indirectly) employed in RES in 2018 was in Germany (263,700 people), of which 14,500 people were involved the production of biofuels and 30,800 people in biogas. There was also large employment found in Spain, France, Great Britain, and Italy. Poland occupied sixth position, where a total of people employed in RES was 80,800, of which 41,200 were in the production of biofuels and 2700 in biogas.




6. Environmental Assessment of Biomass Refineries


The environmental benefits of building a biorefining plant are considerable. They result from such activities as:




	
Waste management.



	
Use of targeted biomass.



	
Use of surplus biomass.



	
Reduction of greenhouse gas emissions.



	
Reduction of acidifying impurities.



	
Use of products resulting from biorefining.








The environmental impact of biomass refineries in terms of the value chain requires a broad view due to the multi-stage nature of the occurring processes. Currently, environmental impact assessment can be carried out using Life Cycle Assessment (LCA), based on the ISO 14040 and 14044 methodology [24,77,78,79,80]. The LCA is considered an objective and accurate method of environmental assessment. This is due to its multifaceted and comprehensiveness, and thus, the actual determination of the impact of various solutions on the environment and the choice of the least burdensome way. Assessment with the LCA consists of several stages [81,82,83]. At the beginning, the purpose and scope of the research is determined, and an inventory of potential environmental impacts—the inputs (raw materials, energy, water, etc.) to the system and the outputs (product, waste, emissions, etc.) from the product system is made. The product system consists of elements, such as extraction of raw materials, their processing and production of goods, transport and distribution of products, the phase of product use, and waste management. In subsequent stages, an assessment of the environmental impact of individual elements of the system, the impact in relation to the objectives of the research, and the interpretation of the results of the analysis of the set, are carried out. Based on LCA analyses, it is possible to determine the most environmentally beneficial production system for the product.



Various computer methods and tools can be used to assess the impact of a product’s lifecycle [78], for example:




	
CLM method—a method of intermediate points, in which the following indicators are used: depletion of abiotic resources (ADP), global warming potential (GWP), reduction of stratospheric ozone resources (ODP), soil toxicity potential, soil acidification (AP), eutrophication potential, and resource perceptibility potential (OTV).



	
Umberto program—allows for analyzing the energy and materials flow in companies, production installations, or facilities, calculating operating costs and lifecycle, choosing an ecologically optimal version of the product, etc.



	
SimaPro program—uses the eco-indicator method for assessing the damage caused to the environment by the adverse impact of a process or product.








In order to implement the principles of sustainable development, the LCA method should be supported by ‘lifecycle cost calculation (LCC)’, considering the conventional (LCC), environmental (eLCC), and social (sLCC) analyses. The LCC method provides the opportunity to analyze all costs occurring in the lifecycle of a product or plant, including, for instance, the costs of recycling or waste management [84,85,86,87]. The eLCC employs the analysis of internal costs, i.e., stages of production, use and management of products, and external costs, such as costs incurred by entities outside the production and consumer system. The sLCC, in turn, includes analyses of peoples’ behaviors, and decisions they make to influence human, cultural, and social capital [88,89,90,91]. Extremely important issues in air quality measurements include their reliability and quality. In accordance with the requirements of Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on ambient air quality and cleaner air for Europe (OJ L 152 of 11.06.2008, p. 1) and the Act on the Inspectorate of Environmental Protection, the National Reference and Calibration Laboratory (KLRiW), with its registered seat in Cracow, which was established in 2011 at the Chief Inspectorate of Environmental Protection, there is a responsibility to ensure the correct operation of the management system in air monitoring networks, approving measurement systems and coordinating quality assurance systems in Poland.



As part of its routine activities, KLRiW provided the air quality measurement networks with the possibilities of calibrating individual analyzers, e.g., following their malfunction, and checking cylinders holding gas mixtures, calibrators and mass flow controllers.



In order to confirm its competences and to expand its knowledge of the state-of-the-art monitoring systems, KLRiW participated in international comparative studies and meetings of the National Reference Laboratories associated in the AQUILA (AQUILA—the European Network of National Reference Laboratories operating as part of the Joint Research Centre of the European Commission) European network.



The CIEP took action to unify the measurement methods at the national scale, participated in the introduction of new measurement and analysis methods and disseminated knowledge of new standards on air quality measurements.



In order to strengthen the capacity of KLRiW, in the period from 2016 to 2018, as part of the Operational Programme Infrastructure and Environment, its calibration and adjustment infrastructure was modernized and expanded by purchases of a calibration bench, calibration lines for the purposes of adjustment and comparative testing of analyzers for surveys of gaseous pollutants in the air and specialized equipment, among others, for the weighing room.



The surveys were carried out in the period from 2003 to 2020. Table 1 provides basic descriptions of selected measured data.



The LCA study of biorefineries often is more complex than the LCA of a single product. Although many life cycle analyses of bioenergy systems have been carried out over the years, in the case of biorefineries, problems may be encountered regarding basic methodological choices, e.g., choice of functional unit, allocation, data, and system boundaries. A biorefinery system produces many high-value products with different functions, so it is not always possible to determine one main product [46]. Therefore, Ahlgren and other co-authors recommend performing a series of well-chosen sensitivity analyses and including a comprehensive interpretation phase of the results. Due to many methodological choices, all of them should be clarified when performing biorefinery LCA.




7. Value Chain Efficiency


7.1. Logistic Efficiency of Biomass


Transporting biomass to biorefineries is a very important element in the value chain. Logistic efficiency consists of the type of biomass, cargo volume, cargo weight, distance, and cost for each kilometer of travel.



Duda-Kękuś [35] made a calculation of the costs of transporting solid biomass to analyze the logistic efficiency of biomass used in the power industry. For the calculation, she used the following formula:


   S  t r s   =  S  t a r y f y    (  d . s  )  +  (  1 −  u  p o w r    )  ·  k  s / k m   · d +  K  s   p o s t    ( d )  +  K  s   d i f f i c u l t i e s    



(1)




where:




	
Staryfy(d. s)—the cost of transport according to the basic tariff for a given vehicle s and distance d.



	
ks/km—rate in PLN/km for vehicle s.



	
upowr—negotiated discount of the return fee.



	
Ks post—additional fee for parking after exceeding 4 h of driving (we assume that it will be added for each subsequent 250 km of the route).



	
Ks difficulties—additional fee for difficulties specific to a given route (driving through large cities, poor road conditions).








According to the author, the basic criterion for choosing a means of transport is the cost of transporting 1 GJ of energy contained in the transported biomass. It depends on the weight of the load or the payload of the vehicle or the volume of the cargo hold space, The cost calculation takes into account: the threshold distance (threshold 1), to which a flat fee (fee 1) applies, including loading and unloading costs, specific to a given type of vehicle, the limit distance (distance 2), to which the first rate (PLN/km) applies, such that reaching this distance, provides a certain cost of transport (cost 2). At a longer distance, the surcharge for the distance above threshold 2 is calculated at the second rate, proportionally to the distance. Duda-Kękuś [35] emphasizes that in order to guarantee the profitability of operating heavy vehicles, the net rate per 1 km, i.e., the tariff rate minus the cost of fuel (diesel fuel) should be higher for heavier vehicles with a lower ratio of the total weight of the vehicle to the maximum weight of the load.



Based on the analysis, an exemplary calculation of transport costs and a percentage increase depending on exceeding the threshold of 2, cargo volume, cargo weight, and the adopted rate per kilometer was made (Table 2). This analysis demonstrates that the adopted rate per km causes a significant increase in transport costs with the lowest cargo volume and cargo weight. In the case of heavier vehicles exceeding threshold 2, the share of transport costs is much lower. It can be concluded that for medium distances it is best to use low-tonnage vehicles, and for longer distances (over 100 km) high-tonnage. It would be reasonable to integrate the indicators of social, environmental and economic efficiency into a single indicator. Based on which it is possible to make a conclusion about the level of sustainable development determinants in biomass processing. In addition, based on the integral indicator, it would be possible to choose the optimal biorefinery technology.




7.2. Biomass Energy Efficiency


Energy efficiency is defined as the ratio of the amount of energy consumption (inputs) to the amount of obtained useful energy.



The analysis of using biomass energy efficiency can be performed in several stages. In the first stage, the amount of energy in the generated biomass is calculated, which is the difference between the biomass yield and the material and energy expenditure incurred for the production of biomass, i.e., fertilizers, cultivation, harvesting, storage, and transport to the places of production. The second stage considers the energy inputs related to processing biomass (including grinding, drying, mixing, transmission) and the expenditure incurred on conversion with possible energy losses. At this stage, the final amount of energy obtained from biomass is calculated by the difference between the final amount of energy obtained from biomass and the input. In turn, in the third stage, it is possible to calculate biomass processing energy efficiency (conversion) as the quotient of the amount of energy produced in biomass to the final amount of energy obtained from biomass [92].



Witaszek, Pilarska, and Pilarski [42] carried out a technical and economic analysis of pre-treatment, an important tool for testing the profitability and effectiveness of processes. Based on calculations of the amount of clean electricity from biomass and the consumption of electricity by the machine, they obtained an energy balance, stating the profitability of the treatment. The authors, based on available literature sources, demonstrated that in the extrusion process, a mixture consisting of rice straw silage (10% share), corn silage and triticale silage was obtained from 10.1 kWhel·Mg−1 cm pre-treatment energy. The energy gain after pre-treatment amounted to 40.2 kWhel·Mg−1 cm, while the energy balance of the process was at the level of 30.1 kWhel·Mg−1 cm. Increasing the share of rice straw to 30% resulted in an increase of 2.3 kWhel·Mg−1 cm of pre-treatment energy, while the energy gain after pre-treatment was only 13.4 kWhel·Mg−1 cm and the energy balance of 1.0 kWhel·Mg−1 cm. The authors found that the even higher content in the corn straw mixture resulted in a negative energy balance, resulting from higher energy expenditure on treatment.




7.3. Environmental Efficiency


The main tool used to assess environmental performance is the LCA, which makes it possible to assess the environmental hazards associated with the product system or performance. It allows for the identification and quantitative assessment of used materials and energy or waste introduced into the environment, as well as assessment of the impact of these materials, energy, and waste on the environment. Using the LCA also allows for the calculation of greenhouse gas emissions. Samson-Bręk and Smerkowska [27,93] performed calculations using the BIOGRACE calculator, which is a tool for estimating greenhouse gas emissions caused by the production and use of transport fuels, biofuels and bioliquids, as defined in Directive 2009/28/EC, Annex V, part C (Directive 2009). They compared the environmental impact of energy crops, which are raw materials for the production of second-generation bioethanol, with the cultivation of maize and rye as raw materials for producing first-generation bioethanol. Their studies have shown a much higher emissivity from the cultivation of corn and rye. This is due to the annual cultivation of the land, fertilization and harvesting, and thus, the increased number of field treatments performed with diesel-powered machines. For this reason, greenhouse gas emissions for annual crops are much higher than for perennial crops.



Budzinski, Cavalett, Nitzsche, and Strømman [80] conducted a study using a multi-purpose hybrid life cycle optimization model (hybrid life cycle assessment, LCA) to determine the optimal choice of new lignocellulosic biorefinery technologies in Germany. The model considered aspects, such as regionally diversified and sustainable availability of raw materials, identification of environmental impacts along global value chains, and identification of trade-offs between different sustainable development goals. They analyzed two different concepts, which show that ethylene production is more advantageous due to reducing the effects of climate change compared to ethanol. Furthermore, a biorefinery producing ethanol is more economical.



Currently, a biogas calculator is an increasingly common tool in biogas plants used to calculate the amount of biogas produced, electricity and heat, investment profitability, and environmental emission rates. Calculations allow one to approximately develop the initial characteristics of biogas installations, considering different raw material bases. Based on an online biogas calculator, researcher Smolarek analyzed technological and ecological indicators for 10,000 selected raw materials per 1 year (e.g., pig manure, cattle manure, animal poppy seed, flotation sludge from slaughterhouses, organic municipal waste, and others). Based on calculations, he obtained methane production at the level of over 7 thousand m3, biogas production of approx. 12.2 thousand m3, reduction of CO2 emissions 16.7 t per year, nitrogen oxides 27.4 t per year, sulfur oxides 42.6 t per year, and dust almost 2 t per year.




7.4. Economic Efficiency of Biorefineries


One of the most important elements of the value chain is a thorough and comprehensive economic analysis of the project. The preliminary analysis should consider operating costs and the investment costs estimation [42,94].



In Poland, the cost of building an agricultural biogas with an installed capacity of a 1 MW generator is currently PLN 14–15 million (approx. EUR 3.2 million), and for 0.5 MW about PLN 7 million (approx. EUR 1.5 million). The first biogas plant was constructed in 2005 with a capacity of 0.964 MW and cost PLN 2.5 million (approx. EUR 0.5 million), and in 2010 with a capacity of 0.625 MW, PLN 6.5 million (approx. EUR 1.4 million). In Germany, the investment costs per kW of installed capacity are 2000–3000 EUR/kW for larger systems and approx. 5000–7000 EUR/kW for smaller systems [95].



It is assumed that the operating costs associated with a biogas plant with a capacity of 0.5 MW may constitute 20–25% of the total expenditure [30,37,95]. Operating costs should include purchase of raw materials (price of raw materials, storage and transportation costs), maintenance and repair services, depreciation, taxes, loan repayment, insurance, salaries, other costs (e.g., security services, physico-chemical analyses) [96].



The share of individual operating costs depends on the investment’s technological options. Curkowski, Oniszk-Popławska, Mroczkowski, Zowsik, and Wiśniewski [96,97] gave an example of an operating cost structure (without depreciation) for a biogas plant with a capacity of 0.86 MWel, in which the substrate is corn silage and slurry. According to them, the largest share is the cost of purchasing and storing substrates (48%), while the cost of fertilizing digestate for fields/meadows is about 23%, and other costs (e.g., repairs, purchase of spare parts, taxes, insurance, employee remuneration)—29%.



In turn, revenues should include the sale of electricity and heat, digestate for fertilizer purposes, and origin certificates. The average annual electricity production of biogas with a capacity of 0.5 MW is about 4000 MWh. Annual revenue is almost PLN 2.9 million (approx. EUR 0.6 million), and in terms of 15 years in the guaranteed prices system it may amount to over PLN 43 million (approx. EUR 9.1 million) [37,95,96,97,98].



The largest turnover in the renewable energy sector was recorded in Germany—EUR 35 510 M, including the production of biofuels—EUR 1540 M and biogas—EUR 3640 M. Poland was ranked 11th. The total turnover was EUR 3800, 1480, and 130 M, respectively [68].





8. Conclusions


Bioenergy obtained from biomass is a very important part of renewable energy and fits into the concept of sustainable development, having an impact on the environment and the economy, including greater cost competitiveness. The sustainable use of biomass enhances the production of renewable energy and thus makes a significant contribution to the circular economy. Biorefineries play a special role in sustainable development, whose task is the multi-process conversion of biomass to produce energy, fuel, and valuable products.



Given the complexity of the systems included in the biorefinery, there is a need for a thorough analysis of all value chains, including biomass supply, biomass processing technologies, the obtained products and their sale.



According to the analysis of the value chain efficiency, it appears that:




	
The processing of biomass in agro-biorefineries achieves environmental, social, and economic objectives;



	
A rational supply chain makes it possible to exploit the potential of biomass and adapt transport to the type of biomass, cargo volume, cargo weight, distance, and travel costs. It also has a positive effect on reducing CO2 emissions during transport;



	
A favorable amount of energy produced from biomass can be obtained, as exemplified by the studies of Witaszek, Pilarska, and Pilarski [42] that included the pre-treatment analyses. By selecting the biomass share appropriately, a much higher profitability of the treatment used can be achieved;



	
Based on an environmental performance analysis, the optimal biorefinery technology can be selected, mainly being regionally diverse, taking into account the sustainable availability of raw materials, and the environmental impacts identification. The environmental impact of a biorefining investment can also be estimated, including the level of reductions in emissions of methane, carbon dioxide, nitrogen oxides, sulfur oxides, and dust;



	
Studies have shown that, for example, the annual revenue from biogas production in a biogas plant with a capacity of 0.5 MW and production of approx. 4000 MWh may amount to almost PLN 3 million (EUR 0.6 million).








All the determinants that make up the value chain, i.e., refining processes (biomass supply, conversion, and sales), waste valorization, the social and environmental aspect, and the profitability of investments are extremely important added values for sustainable development. In this way, they allow for implementing technology using renewable energy sources and the European strategy for the development of a low-carbon economy.
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Figure 1. A value chain as a result of few main factors. 
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Figure 2. Research process. 
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Figure 3. A value chain in an agro-biorefinery with three key processes and selected factors influencing efficiency. 
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Figure 4. A new model of the supply chain on the energy market. 
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Table 1. Descriptions and units of the measurements and pollutants.






Table 1. Descriptions and units of the measurements and pollutants.





	Index
	Statistical Code/Field
	Description





	sAll
	Averaging period
	The basic data averaging period at a measurement site. The results of measurements are averaged in the form of annual series in accordance with that period.



	All
	Average
	The average annual concentration.



	SO2
	L 350 (S1)
	The number of hours in a calendar year when the average 1 h concentration exceeded 350 µg/m3 (rounded to an integer).



	SO2
	L 125 (S24)
	The number of hours in a calendar year when the average 24-h concentration exceeded 125 µg/m3 (rounded to an integer).



	NO2
	L 200 (S1)
	The number of hours in a calendar year when the average 24-h concentration exceeded 200 µg/m3 (rounded to an integer).



	NO2
	19th max. (S1)
	The 19th maximum value in an annual series of results—1 h averages, in [µg/m3].



	PM10
	L 50 (S24)
	The number of hours in a calendar year when the average 24-h concentration exceeded 50 µg/m3 (rounded to an integer).



	PM10
	Max. (S24)
	The maximum average 24 h concentration in a year.
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Table 2. Transportation costs and percentage increase in costs depending on exceeding threshold 2, cargo volume, cargo weight, and the adopted rate per kilometer.






Table 2. Transportation costs and percentage increase in costs depending on exceeding threshold 2, cargo volume, cargo weight, and the adopted rate per kilometer.





	
Distance above Threshold 2

	
Cargo Volume 15 m3

Load Weight 7 t *

	
Cargo Volume 15 m3

Load Weight 14 t *

	
Cargo Volume 80 m3

Load Weight

24 t **

	
Cargo Volume 80 m3

Load Weight 38 t **




	
Rate over Threshold 2 (1.9 pln/km)

	
Increase %

	
Rate over Threshold 2 (0.68 pln/km)

	
Increase %

	
Rate over Threshold 2 (3.3 pln/km)

	
Increase %

	
Rate above Threshold 2 (1.13 pln/km)

	
Increase %






	
5

	
64.50

	
17

	
58.40

	
6

	
716.50

	
2

	
705.65

	
1




	
10

	
74.00

	
35

	
61.80

	
12

	
733.00

	
5

	
711.30

	
2




	
20

	
93.00

	
69

	
68.60

	
25

	
766.00

	
9

	
722.60

	
3




	
40

	
131.00

	
138

	
82.20

	
49

	
832.00

	
19

	
745.20

	
6




	
60

	
169.00

	
207

	
95.80

	
74

	
898.00

	
28

	
767.80

	
10




	
80

	
207.00

	
276

	
109.40

	
99

	
964.00

	
38

	
790.40

	
13




	
100

	
245.00

	
345

	
123.00

	
124

	
1030.00

	
47

	
813.00

	
16




	
120

	
283.00

	
415

	
136.60

	
148

	
1096.00

	
57

	
835.60

	
19




	
140

	
321.00

	
484

	
150.20

	
173

	
1162.00

	
66

	
858.20

	
23




	
160

	
359.00

	
553

	
163.80

	
198

	
1228.00

	
75

	
880.80

	
26




	
180

	
397.00

	
622

	
177.40

	
223

	
1294.00

	
85

	
903.40

	
29




	
200

	
435.00

	
691

	
191.00

	
247

	
1360.00

	
94

	
926.00

	
32








* Threshold 2–30 km. rate 55 PLN, ** Threshold 2–200 km. rate 700 PLN. Source: Own elaboration based on Duda-Kękuś [35].
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