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Abstract

:

Energy obtained from renewable sources is an important element of the sustainable development strategy of the European Union and its member states. The aim of this research is, therefore, to assess the potential and use of renewable energy sources and their effectiveness from the regional perspective in Poland. The research covered the years 2012 and 2018. The diversification of production and potential of renewable energy sources was defined on the basis of biogas and biomass. Calculations made using the data envelopment analysis (DEA) method showed that, in 2012, only three voivodeships achieved the highest efficiency in terms of the use of biogas and biomass resources; in 2018, this number increased to four. Comparing the effective units in 2012 and 2018, it can be seen that their efficiency frontier moved upwards by 56% in terms of biogas and 21% in terms of to biomass. Despite a large relative increase in the production of heat from biogas by 99% compared to the production of heat from biomass by 38%, the efficiency frontier for biogas did not change considerably. It was found that the resources of solid biomass are used far more intensively than the resources of biogas. However, in the case of biogas, a significant increase in the utilization of the production potential was observed: from 3.3% in 2012 to 6.4% in 2018, whereas in the same years, the utilization of solid biomass production potential remained at the same level (15.3% in 2012, 15.4% in 2018). It was also observed that, at the level of voivodeships, the utilization of biogas and biomass production potential is negatively correlated with the size of this potential. The combined potential of solid biomass and biogas can cover the demand of each of the studied regions in Poland in terms of thermal energy. The coverage ranges from 104% to 1402%. The results show that when comparing biomass and biogas, the production of both electricity and heat was dominated by solid biomass. Its high share occurred especially in voivodeships characterized by a high share of forest area and a low potential for biogas production (Lubuskie Voivodeship, Zachodniopomorskie Voivodeship).
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1. Introduction


Due to the development of civilization, more and more energy resources are necessary to satisfy basic social needs as well as production. Lack of integration in resource assessment and policy making leads to inconsistent strategies and inefficient use of resources [1]. Fossil fuels play a dominant role in global energy systems [2], although according to Arıoğlu et al. [3], renewable energy sources are becoming the fastest growing energy source in the world. As pointed out by Moomaw et al. [4], 85% of the primary energy used by global economies comes from fossil fuels. However, the share of energy from renewable sources in the structure of energy consumption is growing rapidly, especially in Europe. In 2018, the share of energy from fossil fuels in the EU decreased to 70.2% of total energy [5].



In recent years, more and more attention has been paid to the development and use of energy from renewable sources [6,7]. Moomaw et al. [4] report that renewable energy sources play a role in the provision of energy services in a sustainable manner, and in particular in mitigating climate change. Gielen and his team [8] also note that renewable energy can meet two-thirds of the total global energy demand and contribute, to a large extent, to the reduction in greenhouse gas emissions responsible for climate change.



Activities in the field of production of energy from renewable sources are undertaken in many countries of the world, not only in EU countries, pointing to their importance for the development of rural areas [9,10,11]. As Lemaire [12] shows, in rural South Africa, small energy companies can play useful roles in supplementing conventional systems.



Renewable energy and energy efficiency are the two main components of sustainable energy systems. Abolhosseini and his team [13] indicate that electricity consumption will constitute an increasing share of global energy demand over the next two decades. Therefore, the development of renewable energy sources is becoming one of the most important challenges in light of the increasingly energy-consuming socio-economic development and the need to reduce the share of fossil, high-emission sources of energy production. This is due to the so-called climate and energy package implemented in EU countries, which assumed a 20% reduction in greenhouse gas emissions by 2020 compared to 1990 and an increase in the share of renewable energy sources (RESs) in total energy consumption by 20% [14]. Such a limitation is also reflected in the assumptions of the EU climate and energy policy in the 2030 perspective [15]. For Poland, according to this document, this share accounted for at least 15% in 2020 [16]. Due to the slow pace of development of renewable energy sources, this goal will require many years of multidirectional activities. These activities should take into account the spatial differentiation of development conditions, and thus the diversified opportunities for the development of renewable energy sources. This task is difficult because the structure of electricity produced in Poland has been dominated by energy produced from high-emission solid fuels for many years. In 2015, hard coal accounted for 46.5% of these fuels, lignite 32.2%, natural gas 3%, renewable energy 13.7%, and the remaining 4.6% [17]. High-emission fossil fuels are a common global problem. They are the cause of more than 70% of greenhouse gas emissions in the world [18]. Hence, the issue of the development of a low-emission economy and energy generation based on low-emission sources is of particular importance.



Rural areas, along with the agriculture and forestry sectors located within them, have an important role to play in generating renewable energy sources, especially as agricultural land and forests dominate the land use structure in all regions of Poland [19]. This diversification may undoubtedly affect the potential possibilities of producing biomass, which is the largest source of renewable energy, mainly obtained in agriculture [20]. Solid biofuels as well as raw materials for the production of liquid fuels from biomass (biodiesel and bioethanol) and some biogases are produced from biomass [21].



Thus, the agricultural sector may not only be an emitter of greenhouse gases and a consumer of energy, but may also have the potential to generate energy [22,23]. As indicated by Hengeveld et al. [24], an increasing number of local and regional initiatives show a growing interest in decentralized energy production, in which biogas can play a role. Carrosio [25], who studied the evolution of agricultural biogas production in Italy, also believes that in order to achieve a more sustainable development of bioenergy, the existing institutional framework should be reformed by reorganizing subsidies and involving farmers in local projects. It is therefore expected that the amount of biogas produced on agricultural land will increase in the coming years.



This issue receives little recognition in the countries of Central and Eastern Europe and in Poland itself. Such studies have so far been conducted in China [26,27], in Vietnam [28], or in Ukraine [29], but most studies focus mainly on technical or technological issues related to the production of this energy [30,31,32], while less work is devoted to the spatial differentiation of the efficiency of biomass and biogas potential. The issues of the spatial distribution of infrastructure [33,34], the deployment of the renewable energy industry [35], and spatial planning in terms of resource availability and use [36], were addressed, including waste for biogas production [37,38]. A spatial analysis of the power density of renewable energy was carried out [39]. Research in the field of solar and wind energy was also often conducted [40,41]. Spatial aspects also concern the differences between EU countries [42,43].



Therefore, even if renewables are distributed all over the world, location plays a huge role in deciding which resources to use, not only globally but also locally. In addition, it is important to assess the energy efficiency of different regions, which can help to identify differences in energy efficiency, which can be the basis for improving this efficiency.



The main aim of the research is to look for answers to the fundamental question regarding the potential of and resources required for use of biomass and biogas in Poland and the effectiveness of their use, the calculation of which was carried out using the data envelopment analysis (DEA) method, widely used in the field of environmental and energy economics [44,45,46,47].



The analyses highlighted the regions in Poland where the production of biogas and biomass is highly developed and where they constitute the largest share in total energy. Answers were also sought to the question regarding the efficiency of energy production from biomass and biogas in the regions and whether they can achieve energy self-sufficiency based on local resources.




2. Research Methodology


The research was carried out at the regional level in Poland. The spatial scope of detailed research covered all voivodeships (regions) of the country. To compare the efficiency of useful heat production by voivodeships, data on the consumption of biogas and biomass from the report on heat from renewable sources of Statistics Poland were used. The adopted approach takes into account those renewable energy sources that can occur throughout the country without major restrictions, can be produced in each region, and are related to agriculture. The data of Local Data Bank of Statistics Poland were also used.



2.1. Partial Ranking and Hasse Diagram


The ratio of potential of heat production from biogas to biogas consumption was calculated, as well as a similar indicator for biomass for each voivodeship. If one region dominates another with respect to indicators under comparison, it is easy to determine which region is better. In another case, there is a need to establish a trade-off between indicators to make a comparison. The partial ranking shows only unambiguous comparisons and introduces a partial ordering in the region under comparison. The partial ranking can be visualized with a Hasse diagram with takes a form of graph. In the Hasse diagram, if there is an arrow from one object to another, it means that the first of them is better than the second one in terms of each analyzed variable. The situation when one can move from the first to the second object through a sequence of arrows with the same direction is interpreted in a similar way. If there is no sequence of arrows between objects, such objects are incomparable.




2.2. Data Envelopment Analysis


The data envelopment analysis (DEA) method was used to organize the voivodeships in terms of effectiveness, but without indicating the distance between the other voivodeships and the leaders.



The basis of this method is a set of variables that are inputs and a set of variables that are outputs. The DEA method is widely used to study energy efficiency as a total factor energy efficiency evaluation method [48]. DEA belongs to the group of nonparametric methods of linear programming, in which efficiency is defined as the quotient of the weighted sum of effects to the weighted sum of inputs [49]. The DEA allows the effectiveness of each Decision-Making Unit (DMU) to be maximized by selecting weights assigned to inputs and effects [50]. This allows for the identification of relatively effective and ineffective units and the measurement of the ineffectiveness of the latter. This approach also makes it possible to compare DMUs with very diverse structures, natures of effects and inputs, and to estimate unobservable technological elements directly from inputs and effects without applying restrictive assumptions about the parameters in the production process [51]. In this method, at least one object always has 100% efficiency. The efficiency of all the others is compared with the objects with 100% efficiency; hence, the relative efficiency is obtained.



When presenting the idea of the basic DEA model, it should be noted that    y  j k        (  j = 1 , … , n  )    stands for effects (outputs) and    x  i k        (  i = 1 , … , m  )    stands for inputs of  k -th DMU    (  k = 1 , … , r  )   . In DEA, for each fixed DMU (say t), a system of weights for inputs    v  i t        (  i = 1 , … , m  )    and effects    w  j t        (  j = 1 , … , n  )    must be found that maximizes the following expression


  E  f t  =     ∑  j n   w  j t    y  j t       ∑  i m   v  i t    x  i t      



(1)




and meets the conditions of:


   w  j t   > 0    (  j = 1 , … , n  )  ,    v  i t   > 0    (  i = 1 , … , m  )   



(2)






    ∑  i m   v  i t    x  i t   = 1  



(3)






  E  f k  =     ∑  j n   w  j t    y  j k       ∑  i m   v  i t    x  i k     ≤ 1    (  k = 1 , … , r  )   



(4)







In this research, the CCR model described above was used [52,53], with constant returns to scale with two inputs and one effect. Consumption of biogas and biomass consumption were assumed as inputs, while the total production of heat from biogas and biomass was assumed as the effect. Data analysis showed that—in this case—constant returns to scale are more appropriate than the alternative—i.e., variable returns to scale. The calculations were performed using the “deaR” package [54] in the R-Studio program. A sensitivity analysis of DEA results was performed using the all-factors-at-once approach. The influence of changes of all variables simultaneously on the relative efficiency was investigated by performing 10,000 simulations. For each variable, a new value was drawn within ±1% of the original value based on a uniform distribution. The simulation results were presented as an interval for the relative efficiency. This interval was defined by quantiles of the order of 0.025 and 0.975 of simulation results. Thus, 95% of simulation results were covered by the interval. In order to estimate the potential of biogas production, publicly available statistical data of Statistics Poland were used and the methodology applied in the study by Bujakowski et al. [55] additionally took into account losses and damages in agricultural crops. Biogas is produced in the process of anaerobic digestion of organic waste.




2.3. Biomass Potential


In order to estimate the potential of solid biomass, it was assumed that it would come from plant production, including straw surplus, hay surplus, energy crops, orchards, forest production as well as annual felling and care cuts. When calculating the potential offered by the timber management, assumptions from the methodology presented in the work of Bujakowski et al. [55] were included. In order to assess the surplus of straw and hay that can be used for energy purposes, the methodology presented in the study by Ludwicka et al. [56] was used. By calculating the share of the above for special purpose energy crops, it was assumed that the land use factor for growing these plants is 1/10, which is a safe border eliminating competition between the production of raw materials and production for food purposes [57]. When calculating the potential of solid biomass, the biomass that could be obtained from the care and replacement of stands in orchards was also taken into account [58].





3. Results


3.1. Regional Differentiation of Biomass and Biogas Potential in Poland


In Poland, and in particular in voivodeships with a large share of the agricultural economy, an upward trend in electricity consumption has been observed for several years. Electricity consumption is growing faster in rural areas. The share of energy from renewable sources is also increasing, although the growth dynamics is not as high as the EU average [19]. Energy obtained from renewable sources in Poland in 2018 came mainly from solid biofuels (69.3%), wind energy (12.4%), and liquid biofuels (10.2%) [59].



The structure of production of energy from renewable sources for Poland results primarily from the geographic conditions characteristic of our country and possible resources to be managed [60]. The share of energy from renewable sources in the production of primary energy in total increased in 2014–2018 from 12.1% to 14.3% [59]. However, it was significantly differentiated regionally (Table 1), which is justified due to the different potential of the resources used for its production. This applies, for example, to organic waste in landfills, animal and vegetable waste on farms, or to the structures and sizes of farms, as indicated by Wąs et al. [29]. This applies both to the production of biomass and biogas, which are analyzed in this paper.



The data in Table 1 show that Pomorskie Voivodeship is the leader in terms of using the potential of biogas production. In 2012, it achieved its potential in terms of biogas production, 14.6%, while in 2018 the use of the potential for biogas production increased to 23.6%. The opposite of Pomorskie Voivodeship is Podlaskie Voivodeship, which was the last in the country in terms of using the potential of biogas production, both in 2012 and 2018.



Comparing the degree of use of the potential of biogas with the degree of use of the potential of solid biomass, it can be clearly seen that the resources of solid biomass are used far more intensively. In particular, this applies to voivodeships where large power plants and combined heat and power plants operate using the so-called green blocks powered by biomass or cogeneration installations burning solid biomass produced on the site. Such large centers operate in Poland in the following voivodeships: Kujawsko-Pomorskie, Pomorskie, Śląskie, and Świętokrzyskie, which translates into a high degree of use of the biomass potential in these voivodeships.




3.2. The Importance of Biogas and Biomass in Meeting Energy Demand in the Regions


In the further part of the research, the potentials of biogas and biomass were compared, and their total potential in the production of electricity and heat was determined. Then, the data obtained in this way were compared with the statistical data of Statistics Poland on electricity and heat consumption in 2012 and 2018 (Table 2). The equations describing the results of the calculations shown in Table 2 are included in Appendix A.



The data presented in Table 2 show that the combined potential of solid biomass and biogas can significantly cover the demand of each voivodeship in terms of thermal energy. In the case of Warmińsko-Mazurskie Voivodeship, heat production may exceed the region’s demand more than 12 times, and in the case of electricity, this amount is more than 40 times higher (to illustrate the results in Table 2 better, heat and electricity consumption are included in Appendix B—Table A1). Even in the case of Ślaskie Voivodeship, the weakest in the ranking, biomass may become an important component of the energy mix that is able to fully cover the demand for heat energy and cover 39.2% of the demand for electricity.



The results also clearly show that the production of both electricity and heat was dominated by solid biomass. Its high share occurred especially in voivodeships characterized by a large share of forest area and a low potential for biogas production—e.g., Lubuskie Voivodeship.




3.3. Spatial Diversification of Biogas and Biomass Efficiency


Individual regions differed in the size and structure of energy sources, as well as the level of efficiency. The data on biogas and biomass consumption and heat production from the unpublished Statistics Poland report on heat from renewable sources being used to compare the effectiveness of useful heat production by voivodeship. The ratio of total heat production from biogas to total biogas consumption was calculated and an analogous index was created for biomass for each of the voivodeships (Table 3).



Calorific value is the amount of energy released when 1 kg of fuel burns; energy density is the amount of energy released when 1 m3 of fuel burns. In the G-02o report, each of the surveyed entities provided calorific values of the fuels, but these values differed even for the same fuel. That is why it was decided to use the concept of average boiler efficiency for biogas and solid biofuel given by instead of calorific value to capture intertemporal technological changes.


  Efficiency =      total   heat   production   in   voivodeship     total   fuel   consumption   in   voivodeship     (    MJ    m 3       or      MJ   kg    )   



(5)







The introduced concept of “efficiency” should not be confused with the concept of energy density and calorific value present in science and technology. In our case, “efficiency” should be treated as an average boiler efficiency for different fuels used in varying proportions and over different periods of time (the installations surveyed were not always in operation throughout the reporting period). In order to illustrate the differences between average boiler efficiency in a given voivodeship and the calorific value of fuel consumed often from different sources, Table 3 also includes the weighted average heat density/calorific value calculated for a given voivodeship. As it is easy to see, the calorific value of biogas is a subject to lower fluctuations than the calorific value of biomass—this is due to the fact that biogases from various sources often have similar calorific values, while in the case of biomass, a much greater variability can be observed depending on the type of fuel. Furthermore, only a part of the biomass obtained is used for heat production; in 2012, in Dolnośląskie Voivodeship, around 24% of the biomass was used for heat production. In the case of Opolskie Voivodeship, it was slightly over 11% and in Łódzkie Voivodeship it was 10.7%. In Śląskie and Świętokrzyskie Voivodeships, it was 16.8% and 11.3%, respectively. Such low biomass consumption for heat generation translated into low average boiler efficiency.



From 2012 to 2018, biogas consumption increased by 98% and production by 99%, which, at the country level, translated into a 0.6% increase in biogas efficiency from 8.37 to 8.42 MJ per kilogram. At the same time, changes in regional terms are very uneven and often inconsistent with the national direction of change. In nine out of sixteen voivodeships, the efficiency of biogas decreased. Undoubtedly, the greatest change took place in Mazowieckie voivodeship, where the production of heat from biogas in 2012–2018 increased ~4.85 times, and the share of production in Poland increased from 13% to 31%. At the same time, biogas consumption increased ~4.73 times, which in total resulted in increase in efficiency from 11.9 to 12.19 MJ per kilogram. This is largely due to changes in the structure of biogas sources. The share of biogas of agricultural origin increased from 29.5% to 45.7% at the expense of biogas from sewage treatment plants. As indicated by Kwaśny et al. [61], biogas of agricultural origin has, on average, a higher methane content than biogas from sewage treatment plants.



On a national scale, during the period under examination, the use of biomass fell by 16%, while production increased by 38%, which together increased the efficiency of biomass by as much as 65%. The increase in efficiency occurred in each of the voivodeships. In 2012, only in Warmińsko-Mazurskie Voivodeship was the efficiency of using one kilogram of biomass over 8 MJ per kilogram. For six years, this level was exceeded by Lubelskie, Kujawsko-Pomorskie, and Wielkopolskie Voivodeships, the latter with the highest change—i.e., from 3.48 to 9.71. In Wielkopolskie Voivodeship, at the same time, the consumption of resources decreased by nearly 50% and production increased by 44%.



Naturally, the question arises as to which voivodeships are the most effective in terms of using biocomponents for heat production. Comparing, for example, Podkarpackie and Opolskie Voivodeships, it is easy to say that Podkarpackie is generally more efficient, both in terms of biogas and biomass use. However, it is not easy to compare Dolnośląskie and Kujawsko-Pomorskie Voivodships. Dolnośląskie Voivodeship makes more efficient use of biogas while Kujawsko-Pomorskie Voivodeship of biomass. Using the partial ranking, the voivodeships can be ranked according to unambiguous comparisons only. The results of the partial ranking are shown in Figure 1 and Figure 2. If there is an arrow from one object to another, it means that the first of them is better than the second one in terms of each analyzed variable. The situation when one can move from the first to the second object through a sequence of arrows with the same direction is interpreted in a similar way. If there is no sequence of arrows between objects, such objects are incomparable. Clusters of voivodeships with similar levels of analysis variables are marked with a gradient color scale, staring from green (the best cluster) and ending on red (the worst cluster).



In 2012, six groups of voivodeships could be distinguished, where a group is shown in the figure as voivodeships at the same height. The best voivodeships are Dolnośląskie and Warmińsko-Mazurskie Voivodeships, which are leaders in efficiency in biogas and biomass production, respectively. Świętokrzyskie Voivodeship, which is the least efficient in terms of biomass use, is at the other end, together with Pomorskie and Wielkopolskie Voivodeships from the fifth group, with a low biogas efficiency. The 2012–2018 period brought big changes in the partial ranking of voivodeships. The number of groups decreased from six to four. Małopolskie, Dolnośląskie, and Mazowieckie Voivodeships joined the group of leaders. Among the weakest, compared to 2012, only Pomorskie Voivodeship remained. Together with Opolskie Voivodeship, they were characterized by the lowest efficiency of biogas. Despite the lowest efficiency of biomass in 2018, Łódzkie Voivodeship achieved the second best result in terms of biogas efficiency, which resulted in its presence in the second highest group of voivodeships.



Using the DEA method, the analysis of relative effectiveness of voivodeships in 2012 and 2018 was carried out. The results are presented in Table 4. The DEA analysis showed that in 2012 the following voivodeships were effective: Kujawsko-Pomorskie, Lubelskie, and Warmińsko-Mazurskie Voivodeships. Within six years, the group of effective voivodeships was joined by Wielkopolskie Voivodeship, while Warmińsko-Mazurskie voivodeship were minimally distant from the efficiency frontier. In the period 2012–2018, the disparities in terms of effectiveness decreased. The lowest relative efficiency increased from 17.8% to 23.2%. In 13 out of 16 voivodeships, relative efficiency increased or did not change.



The simulation of the impact of variable changed in the range of ±1% in the DEA results, showing that the relative efficiency of particularly large voivodeships is sensitive to variable changes. For small voivodeships, e.g., Opolskie, the distribution of results is symmetrical, and the range of results is based on quantiles of the order of 0.025 and 0.975 is narrow. For highly efficient voivodeships, the distribution of results was strongly asymmetric and the range was wide (95%) (Figure 3).



The completeness of the G-02o report for 2012 in the case of biogas plants amounted to 99%, while in the case of installations burning solid biomass it was over 98%. In 2018, in the case of biogas plants, the completeness amounted to 92.8%, and in the case of installations burning solid biomass, it was 89%.



In DEA, effective units set the efficiency frontier. Inefficient units lie in the Production Possibility Set. For each of the years, both the efficiency frontier and the Production Possibility Set will be different, so a decrease in the relative efficiency of a voivodeship in subsequent years does not mean that the situation in the voivodeship deteriorated.



The efficiency frontier set by DEA for the CCR model, where the total number of variables (inputs and outputs) does not exceed three in total, can be easily visualized. To this end, indicators were calculated:


   R a t i o  1 =    h e a t     p r o d u c t i o n     f r o m     b i o g a s    +  h e a t     p r o d u c t i o n     f r o m     b i o m a s s       c o n s u m p t i o n     o f     b i o g a s       (     M J      m  3     )   



(6)






   R a t i o  2 =    h e a t     p r o d u c t i o n     f r o m     b i o g a s    +  h e a t     p r o d u c t i o n     f r o m     b i o m a s s       c o n s u m p t i o n     o f     b i o m a s s       (     M J     k g     )   



(7)







The numerators of both indicators include heat production from both biogas and biomass, while the denominator refers to the consumption of only one of these components. Thus, these ratios cannot be interpreted in terms of efficiency of heat production from biogas nor biomass, respectively. They are used because they enable the visualization of the efficiency frontier. The results are shown in Figure 4 and Figure 5, covering the years 2012 and 2018, maintaining the same range of scale on both axes. In this way, absolute changes in the years compared can be seen. The pink polygon is the Production Possibility Set and is designated as the convex hull of the effective units, their projections on the axes, and the starting point of the coordinate system. The Production Possibility Set was determined separately for each of the years according to the effective units of that year.



Comparing the effective units in 2012 and 2018, it can be seen that their efficiency frontier moved upwards by 56% due to biogas and 21% due to biomass. In the analyzed period, the change of the efficiency limit due to biomass was actually caused by Kujawsko-Pomorskie Voivodeship, whose share in newly produced heat was 78%. Despite a large relative increase in the production of heat from biogas by 99% compared to the production of heat from biomass by 38%, the efficiency frontier for biogas did not change much. This is due to the fact that the share of biogas heat production in biomass and biogas heat production was 5% in 2012 and 7.3% in 2018.





4. Discussion


The importance of assessing the potential of renewable energy sources and assessing energy efficiency in sustainable development is now growing worldwide [62]. Poschl [63] points to ways to increase the efficiency of biogas production by establishing that energy efficiency could be enhanced depending on the use of raw material resources and the adopted technological process. Similar conclusions are presented by Alluvione et al. [64], who note that energy efficiency of agriculture needs improvement to reduce the dependency on nonrenewable energy sources. Jalali Sepehr et al. [65] indicate that great opportunities in this respect also arise for developing countries with low incomes, which can achieve high energy efficiency results.



Kaygusuz [66] states that, due to high environmental pollution, renewable energy sources appear to be one of the most efficient and effective solutions for developing clean and sustainable energy. This is particularly important due to inappropriate disposal of agricultural residues (e.g., burning of straw), leading to waste of energy potential and atmospheric environmental problems, as shown in a Chinese study [67]. The use of renewable energy sources is also highlighted by Borhanazad et al. [68], in the context of reducing energy poverty in rural areas of Malaysia. The authors point out not only environmental issues, but, as Kumar did [69], also social and economic ones. Similarly, Pakistan has great potential for renewable energy sources, as Raza et al. [70] stress, adding, however, that in rural areas of Pakistan, this potential is not adequately exploited. Sutherland et al. [71] draw attention to rural areas and agriculture’s renewable energy potential, pointing out that the agriculture sector plays an important role in renewable energy transitions, owing to its historical involvement in managing key resources, particularly land and biomass.



However, the rapid increase in the use of biomass for energy purposes is causing concern among many experts around the world, especially with regard to potential threats to sustainable development and food security [72]. This is due to the fact that the production of biomass for energy purposes in agriculture may compete with food production due to a reduction in the area under cultivation for food and feed for livestock [73,74]. Then, as Jasiulewicz [75] points out, the production of biomass for solid fuels should mainly use inferior quality soils, including set-aside and fallow soils, as well as soils contaminated with heavy metals, degraded, particularly unsuitable for the production of consumer crops. The problem of such competition is not observed in the case of biogas, since it is mainly produced from agricultural by-products [76], and the most commonly used substrates for biogas production are manure from cattle, pigs, and poultry litter [62]. This means organic waste that is unfit for consumption or not used for other purposes [77]. It seems, therefore, that biogas is a more acceptable option for energy production.



The results of our calculations, based only on what remains of agricultural production, indicated a significant decrease in the technical resources of biomass, which took place between 2012 and 2018. According to our calculations in 2012, the potential for obtaining thermal energy from biomass reached the level of 907 PJ (which fits well the value given by Bartoszewicz-Burczy [78]), of which 856 PJ came from solid biomass (65.9 million tons) and only 51 PJ from biogas (6.46 billion m3). In 2018, the biomass potential decreased to the level of 752 PJ, where 700 PJ came from solid biomass (55.1 million tons) and 52 PJ from biogas (6.61 billion m3). The decrease in the potential of solid biomass was caused by a decrease in the amount of wood that could be harvested from pruning (a decrease of about 1.9 million tons) and a decrease in surplus straw (about 2.8 million tons) and hay (about 8.8 million tons) that could be harvested. As can be seen, solid biomass, having a much greater share, is a more unstable energy source than biogas, which, after purification to the biomethane standard, could cover 20%–25% of the demand for natural gas in Poland (according to consumption for 2018). This creates wide opportunities for the development of this energy sector in the areas so far associated in Poland mainly with agricultural activities (e.g., Podlaskie Voivodeship).



In this context, it is also worth paying attention to other European countries that use biomass resources. As can be seen from the example of selected European countries (Table 5), the estimated biomass potential shows a large diversity, which results not only from the methodology of calculation, but also depends on the changes taking place in the biomass sources themselves (development of sewage infrastructure, change in the nature of crops, drought or legal restrictions). The biomass potential in Poland is comparable to countries with a similar area, such as Italy or Germany; however, per capita, it is one of the best among the compared countries in Central Europe (Table 5). Taking into account the consumption of natural gas in 2018, the maximum use of the potential of biogas production in Germany would cover about 10% of the country’s demand for natural gas; in the case of Czech Republic, it would be around 12%; for Hungary this value is around 9%, while for Italy it is less than 7% [43].



The importance of renewable energy in the Polish economy is growing, although Poland still has one of the highest carbon dioxide emission figures in Europe in relation to electricity produced [79]. Therefore, the increase in energy efficiency in the regions may contribute to the increase in the national energy supply potential. The use of renewable resources as substitute energy sources is a factor improving the security of energy supply [80]. The increase in energy efficiency of renewable energy sources contributes to the reduction in greenhouse gas emissions [81]. It is, therefore, necessary to increase the efficiency and consumption of renewable energy [82].



The raw material resources and natural conditions, as well as modern technologies, are not always sufficient for the transition to renewable resources. It may turn out that the exploitation of a given energy resource will not be profitable without state support. Currently, such production in many countries is more expensive than energy produced from fossil resources [83]. Similar conclusions were reached by Radziszewska-Zielina and Rumin [84], indicating that unconventional energy sources in Poland are relatively expensive. However, the results of our analyses indicate a very high potential of both biomass and biogas, which could be used more widely, contributing to the reduction in fossil fuel use. A proper state energy policy, which is also indicated by Jedlińska [85] and action at a local level are therefore needed, especially in the era of energy transformation and withdrawal from coal in the energy sector.




5. Conclusions


The research carried out indicates that Poland has significant biomass and biogas potential. However, it is regionally differentiated. At a national scale, Pomorskie Voivodeship is the leader in terms of using the biogas production potential. The opposite is Podlaskie Voivodeship, which both in 2012 and 2018 was lowest ranked in the country. Comparing the years 2012 and 2018, it should be pointed out that, in Poland, the use of the potential for the production of heat from biogas and also from biomass almost tripled, although in the latter case to a lesser extent. Our analyses show that, in the same period, there was an increase in the efficiency of the use of both biogas and biomass, with a higher increase in efficiency for biomass. This is due to structural changes in energy carriers and an increase in the technical efficiency of heat production. The DEA analysis showed that the highest relative technical efficiency in 2012 was achieved by three voivodeships: Kujawsko-Pomorskie, Warmińsko-Mazurskie, and Lubelskie. In 2018, Wielkopolskie Voivodeship joined them. This was associated with the developing agri-food industry producing waste biomass yields, as well as an increase in the market for processed biomass (including an increase in the number of biogas plants from 183 in 2012 to 293 in 2018).



In the case of Podlaskie Voivodeship, which is distinguished in the country by the highest cattle population per 100 ha of farmland, the use of the biogas production potential reached only 2.1% in 2018. However, “activating” the potential to produce heat from biogas would ensure self-sufficiency in this region. The remaining regions, on the other hand, could achieve energy self-sufficiency if the use of solid biomass was increased. At the national scale, however, the potential of biogas may be more important than in the countries of Central Europe, as in the case of Poland, it may cover more than 20% of the demand for natural gas, which, in the case of the upcoming energy transformation (moving away from coal), may prove to be a very important contribution of Polish agriculture. This is confirmed by the results of our research, which indicates that biogas, as opposed to solid biomass, is a more stable energy source (52 PJ in 2018).



It should also be noted that the presented results are based on available statistical data. An obstacle to more accurate estimates was the lack of detailed, available data on elements of the potential of both biomass and biogas. These data, derived from farms and rural areas, may be incomplete, which may affect the accuracy of the calculations. In the case of estimating the potential of biogas production, due to the lack of data, the crop production grown for the input of biogas plants was not taken into account and nor was the share of postproduction waste supplied by the food industry. Moreover, the lower boundaries of the biogas production efficiency from a given raw material were taken into account. In the case of estimating the production potential of solid biomass, due to the lack of data, the share of postproduction waste supplied by the paper and cellulose industry was not taken into account.



However, it should be pointed out that the studies carried out by our team are one of a few in Poland, as well as in Central and Eastern European countries. However, taking into account the available literature, the presented work significantly fills the knowledge gap on the discussed problem.
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Appendix A


The equations describing the calculation of the ratio of heat production potential to consumption in Table 2:


    h e a t   t o t a l   c o n s u m p t i o n =   h e a t   p r o d u c t i o n   p o t e n t i a l * 100 %   t o t a l   h e a t   c o n s u m p t i o n   ,  



(A1)




where:


  h e a t   p r o d u c t i o n   p o t e n t i a l = b i o g a s   h e a t   p . p + s t r a w   h e a t   p . p + h a y   h e a t   p . p + w o o d   h e a t   p . p + e n e r g y   c r o p   h e a t   p . p ,  



(A2)




heat p.p—heat production potential.


  b i o g a s   h e a t   p . p = b i o g a s   p r o d u c t i o n   p o t e n t i a l    [   m 3   ]  * 23    [    M J    m 3     ]  ,  



(A3)






  b i o g a s   h e a t   p . p = b i o g a s   p r o d u c t i o n   p o t e n t i a l    [   m 3   ]  * 23    [    M J    m 3     ]  ,  



(A4)






  s t r a w   h e a t   p . p = e x c e s s   s t r a w   p r o d u c t i o n    [  k g  ]  * 13.1    [    M J   k g    ]  ,  



(A5)






  h a y   h e a t   p . p = e x c e s s   h a y   p r o d u c t i o n    [  k g  ]  * 13.4    [    M J   k g    ]  ,  



(A6)






  w o o d   h e a t   p . p = w o o d   p r o d u c t i o n   p o t e n t i a l    [  k g  ]  * 12.4    [    M J   k g    ]  ,  



(A7)






  e n e r g y   c r o p   h e a t   p . p = e n e r g y   c r o p   p r o d u c t i o n   p o t e n t i a l  [  k g  ]  * 17    [    M J   k g    ]  .  



(A8)







The equations describing the calculation of the ratio of electricity production potential to electricity production in the studied years:


  e l e c t r i c i t y / t o t a l   p r o d u c t i o n   =   e l e c t r i c i t y   p r o d u c t i o n   p o t e n t i a l * 100 %   t o t a l   e l e c t r i c i t y   p r o d u t i o n   ,  



(A9)




where:


  e l e c t r i c i t y   p r o d u c t i o n   p o t e n t i a l =   b i o g a s   e l .   p . p + s t r a w   e l . p . p   + h a y   e l . p . p + w o o d   e l . p . p + e n e r g y   c r o p   e l . p . p ,  



(A10)




el.p.p—electricity production potential.


  b i o g a s   e l . p . p = b i o g a s   p r o d u c t i o n   p o t e n t i a l    [   m 3   ]  * 6.3    [    k W h    m 3     ]  ,  



(A11)






  s t r a w   e l . p . p = e x c e s s   s t r a w   p r o d u c t i o n    [  k g  ]  * 3.46    [    k W h   k g    ]  ,  



(A12)






  h a y   e l . p . p = e x c e s s   h a y   p r o d u c t i o n    [  k g  ]  * 3.46    [    k W h   k g    ]  ,  



(A13)






  w o o d   e l . p . p = w o o d   p r o d u c t i o n   p o t e n t i a l    [  k g  ]  * 4.8    [    k W h   k g    ]  ,  



(A14)






  e n e r g y   c r o p   e l . p . p = e n e r g y   c r o p   p r o d u c t i o n   p o t e n t i a l  [  k g  ]  * 4.1    [    k W h   k g    ]  ,  



(A15)







Ratio of heat and electricity production potential from solid biomass to biogas production potential:


  s o l i d   b i o m a s s / b i o g a s   i n   h e a t   p r o d u c t i o n   =   s o l i d   b i o m a s s   h e a t   p r o d u c t i o n   p o t e n t i a l   b i o g a s   h e a t   p . p   ,  



(A16)






  s o l i d   b i o m a s s / b i o g a s   i n   e l e c t r i c i t y   p r o d u c t i o n   =   s o l i d   b i o m a s s   e l e c t r i c i t y   p r o d u c t i o n   p o t e n t i a l   b i o g a s   e l .   p . p   .  



(A17)
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Table A1. Consumption of heat energy and production of electricity.






Table A1. Consumption of heat energy and production of electricity.





	
Voivodeships

	
2012

	
2018




	
Thermal Energy Consumption (GJ)

	
Electricity Production (GWh)

	
Thermal Energy Consumption (GJ)

	
Electricity Production (GWh)






	
Dolnośląskie

	
12,587,790.0

	
13,567.7

	
14,067,201.0

	
9917.7




	
Kujawsko-pomorskie

	
9,989,713.3

	
3177.6

	
9,790,920.0

	
6798.8




	
Lubelskie

	
11,249,543.0

	
2100.7

	
7,761,207.0

	
2066.8




	
Lubuskie

	
3,476,022.3

	
2524.7

	
3,665,305.0

	
3290.8




	
Łódzkie

	
17,100,953.0

	
34,968.5

	
14,969,554.0

	
38,641.0




	
Małopolskie

	
14,244,845.0

	
6384.5

	
14,587,770.0

	
5888.7




	
Mazowieckie

	
38,045,642.0

	
22,090.0

	
38,352,261.0

	
30,441.0




	
Opolskie

	
3,743,473.0

	
8442.2

	
3,786,207.0

	
10,087.2




	
Podkarpackie

	
6,682,073.0

	
2664.7

	
5,101,140.0

	
2462.0




	
Podlaskie

	
6,840,182.0

	
723.4

	
6,362,132.0

	
1051.2




	
Pomorskie

	
13,353,847.0

	
3426.3

	
13,953,962.0

	
4104.9




	
Śląskie

	
32,089,653.0

	
31,249.5

	
29,878,280.0

	
24,905.9




	
Świętokrzyskie

	
4,371,481.0

	
8268.3

	
3,514,462.0

	
11,213.1




	
Warmińsko-mazurskie

	
7,312,422.0

	
745.6

	
7,361,499.0

	
1170.2




	
Wielkopolskie

	
14,447,636.5

	
13,112.6

	
12,129,926.0

	
9840.7




	
Zachodniopomorskie

	
7,934,129.0

	
8692.8

	
9,230,561.0

	
8159.4




	
POLSKA

	
203,469,405.1

	
162,139.1

	
194,512,387.0

	
170,039.5








Source: Local Data Bank of Statistics Poland.
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Figure 1. Partial ranking of voivodeships in terms of biogas and biomass efficiency for 2012. 
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Figure 2. Partial ranking of voivodeships in terms of biogas and biomass efficiency in 2018. 
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Figure 3. Boxplots of relative efficiency obtained through simulation for voivodeships in 2018. 
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Figure 4. Efficiency of heat production from biogas and biomass in 2012 in Poland. 
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Figure 5. Efficiency of heat production from biogas and biomass in 2018 in Poland. 
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Table 1. Regional differentiation of potential of biogas and biomass production and use in 2012 and 2018.
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Voivodeships

	
Production Potential and Its Use in 2012

	
Production Potential and Its Use in 2018




	
Biogas

	
Biomass

	
Biogas

	
Biomass




	
Production Potential (dam3)

	
Use of Potential (%)

	
Production Potential (tons)

	
Use of Potential (%)

	
Production Potential (dam3)

	
Use of Potential (%)

	
Production Potential (tons)

	
Use of Potential (%)






	
Dolnośląskie

	
321,324.6

	
2.9

	
4,563,028.1

	
16.8

	
314,818.7

	
7.7

	
3,953,491.8

	
5.5




	
Kujawsko-pomorskie

	
469,096.0

	
3.7

	
2,892,793.3

	
51.5

	
481,521.1

	
5.2

	
3,101,466.5

	
72.8




	
Lubelskie

	
367,761.7

	
2.5

	
3,747,584.7

	
1.6

	
335,812.8

	
7.2

	
3,873,572.5

	
1.5




	
Lubuskie

	
141,629.0

	
12.4

	
4,358,377.3

	
5.6

	
140,665.7

	
3.6

	
3,969,589.0

	
9.1




	
Łódzkie

	
486,559.7

	
1.6

	
2,601,736.8

	
14.8

	
476,215.4

	
2.7

	
2,451,250.0

	
9.3




	
Małopolskie

	
341,333.1

	
2.8

	
2,955,906.9

	
15.1

	
355,141.3

	
4.7

	
2,589,329.1

	
5.9




	
Mazowieckie

	
987,486.1

	
2.0

	
5,764,615.9

	
13.2

	
1,094,449.0

	
8.3

	
3,890,607.5

	
31.2




	
Opolskie

	
185,369.8

	
1.9

	
2,309,445.6

	
6.3

	
172,393.0

	
3.2

	
2,142,324.1

	
3.3




	
Podkarpackie

	
173,942.8

	
4.5

	
4,119,273.1

	
4.2

	
167,445.7

	
8.9

	
3,273,198.6

	
7.2




	
Podlaskie

	
595,891.8

	
1.0

	
4,924,012.2

	
11.1

	
632,614.3

	
2.1

	
3,174,245.3

	
7.5




	
Pomorskie

	
304,462.6

	
14.6

	
4,386,315.3

	
35.9

	
305,960.8

	
23.6

	
3,932,233.7

	
37.4




	
Śląskie

	
379,862.3

	
6.4

	
2,526,229.1

	
25.5

	
338,600.2

	
9.0

	
2,202,212.8

	
22.5




	
Świętokrzyskie

	
168,925.5

	
2.2

	
1,906,426.8

	
42.2

	
159,623.7

	
3.4

	
1,914,166.3

	
12.5




	
Warmińsko-mazurskie

	
364,333.5

	
1.9

	
7,056,542.1

	
3.7

	
379,785.0

	
5.6

	
4,621,153.2

	
6.9




	
Wielkopolskie

	
945,417.0

	
1.7

	
5,798,389.8

	
13.1

	
1,022,612.0

	
4.1

	
4,771,492.2

	
8.2




	
Zachodniopomorskie

	
233,444.0

	
4.3

	
6,011,437.7

	
17.6

	
235,268.1

	
7.1

	
5,201,121.4

	
10.5




	
Poland

	
6,466,839.5

	
3.3

	
65,922,114.7

	
15.3

	
6,612,926.7

	
6.4

	
55,061,454.0

	
15.4








Source: own study based on the data of the Local Data Bank of Statistics Poland and the Statistics Poland survey of heat from renewable sources (G-02o).
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Table 2. Comparison of the total electricity and heat production potential in 2012 and 2018.
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Voivodeships

	
2012

	
2018




	
Heat Production Potential/total Consumption (%)

	
Electricity Production Potential/Total Production (%)

	
Solid Biomass/Biogas in Heat Production

	
Solid Biomass/Biogas in Electricity Produc-tion

	
Heat Production Potential/Total Consumption (%)

	
Electricity Production Potential/Total Production (%)

	
Solid Biomass/Biogas in Heat Production

	
Solid Biomass/Biogas in Electricity Production






	
Dolnośląskie

	
489.7

	
146.2

	
23.0

	
28.4

	
379.5

	
180.7

	
20.2

	
26.1




	
Kujawsko-pomorskie

	
411.7

	
437.1

	
10.0

	
13.1

	
445.7

	
224.3

	
10.3

	
14.1




	
Lubelskie

	
455.2

	
832.5

	
16.4

	
21.6

	
677.4

	
860.6

	
18.6

	
24.2




	
Lubuskie

	
1633.7

	
791.0

	
49.1

	
66.2

	
1402.2

	
577.6

	
44.7

	
63.4




	
Łódzkie

	
225.2

	
37.1

	
8.9

	
11.7

	
242.9

	
32.4

	
8.5

	
11.5




	
Małopolskie

	
289.4

	
214.4

	
14.1

	
18.1

	
249.3

	
212.4

	
11.8

	
15.8




	
Mazowieckie

	
222.0

	
126.6

	
9.7

	
12.5

	
159.0

	
67.9

	
6.0

	
8.0




	
Opolskie

	
840.7

	
115.9

	
20.2

	
24.1

	
764.3

	
95.0

	
20.0

	
25.5




	
Podkarpackie

	
812.5

	
705.9

	
38.0

	
50.5

	
852.4

	
611.5

	
31.5

	
41.8




	
Podlaskie

	
1018.6

	
3091.2

	
13.6

	
16.9

	
729.5

	
1573.1

	
8.2

	
11.5




	
Pomorskie

	
440.9

	
589.4

	
23.2

	
30.6

	
376.9

	
462.5

	
20.5

	
28.6




	
Śląskie

	
111.0

	
39.0

	
10.7

	
14.3

	
103.9

	
43.7

	
10.5

	
14.3




	
Świętokrzyskie

	
598.5

	
110.8

	
18.4

	
24.8

	
742.0

	
82.9

	
19.4

	
26.8




	
Warmińsko-mazurskie

	
1298.3

	
4028.6

	
31.6

	
38.3

	
844.9

	
1884.6

	
19.5

	
26.7




	
Wielkopolskie

	
575.4

	
214.0

	
10.0

	
13.1

	
578.8

	
252.5

	
7.6

	
10.6




	
Zachodniopomorskie

	
993.2

	
312.5

	
41.2

	
54.4

	
736.8

	
299.8

	
35.1

	
48.5




	
Poland

	
446.2

	
187.2

	
16.6

	
21.4

	
392.6

	
157.3

	
13.4

	
18.3








Source: own study based on the data of the Local Data Bank of Statistics Poland.
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Table 3. Biogas and biomass efficiency by voivodeship in Poland.
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Voivodeships

	
2012

	
2018




	
Biogas

	
Biomass

	
Biogas

	
Biomass




	
Average Boiler Efficiency (MJ/m3)

	
Weighted Average Heat Density (MJ/m3)

	
Average Boiler Efficiency (MJ/kg)

	
Weighted Average Calorific Value (MJ/kg)

	
Average Boiler Efficiency (MJ/m3)

	
Weighted Average Heat Density (MJ/m3)

	
Average Boiler Efficiency (MJ/kg)

	
Weighted Average Calorific Value (MJ/kg)






	
Dolnośląskie

	
14.41

	
22.77

	
1.85

	
11.44

	
9.15

	
21.42

	
4.72

	
9.86




	
Kujawsko-pomorskie

	
6.39

	
21.60

	
5.60

	
11.26

	
6.44

	
22.33

	
8.35

	
8.72




	
Lubelskie

	
11.19

	
21.72

	
7.59

	
15.20

	
6.91

	
20.83

	
8.42

	
15.19




	
Lubuskie

	
4.21

	
19.97

	
5.16

	
9.83

	
8.51

	
21.51

	
5.31

	
11.77




	
Łódzkie

	
10.09

	
23.10

	
1.13

	
11.21

	
10.48

	
21.82

	
1.57

	
10.88




	
Małopolskie

	
9.21

	
21.95

	
2.96

	
15.90

	
8.95

	
22.72

	
6.12

	
10.42




	
Mazowieckie

	
11.90

	
20.85

	
5.30

	
10.34

	
12.19

	
20.55

	
4.12

	
9.02




	
Opolskie

	
10.02

	
21.22

	
1.04

	
12.72

	
5.59

	
20.23

	
3.38

	
16.01




	
Podkarpackie

	
11.54

	
22.02

	
4.11

	
12.80

	
8.81

	
21.80

	
4.64

	
13.00




	
Podlaskie

	
12.87

	
22.41

	
3.11

	
9.48

	
6.88

	
21.47

	
7.01

	
11.58




	
Pomorskie

	
5.62

	
18.56

	
3.28

	
9.02

	
5.58

	
19.14

	
4.02

	
8.86




	
Śląskie

	
9.90

	
21.31

	
1.78

	
15.60

	
9.42

	
22.31

	
2.20

	
11.91




	
Świętokrzyskie

	
8.63

	
19.90

	
0.76

	
12.77

	
9.56

	
20.85

	
2.81

	
13.02




	
Warmińsko-mazurskie

	
12.97

	
22.02

	
8.50

	
11.58

	
8.84

	
21.17

	
8.86

	
11.84




	
Wielkopolskie

	
4.18

	
21.18

	
3.48

	
11.13

	
6.04

	
21.51

	
9.71

	
12.56




	
Zachodniopomorskie

	
8.47

	
21.88

	
3.39

	
13.01

	
7.25

	
19.78

	
4.97

	
10.60




	
POLSKA

	
8.37

	
20.85

	
3.48

	
11.57

	
8.42

	
20.91

	
5.72

	
10.06








Source: own study based on the data from the Statistics Poland survey of heat from renewable sources (G-02o).
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Table 4. Relative efficiency of voivodeships in the production of heat from biogas and biomass including a sensitivity analysis in 2012 and 2018.
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Voivodeships

	
Relative Efficiency

	
95% interval




	
2012

	
2018

	
2012

	
2018






	
Dolnośląskie

	
0.350

	
0.554

	
(0.275; 0.677)

	
(0.074; 0.709)




	
Kujawsko-Pomorskie

	
1.000

	
1.000

	
(0.526; 1.000)

	
(0.832; 1.000)




	
Lubelskie

	
1.000

	
1.000

	
(1.000; 1.000)

	
(0.189; 1.000)




	
Lubuskie

	
0.606

	
0.64

	
(0.212; 0.963)

	
(0.578; 1.000)




	
Łódzkie

	
0.178

	
0.232

	
(0.116; 0.377)

	
(0.128; 0.308)




	
Małopolskie

	
0.407

	
0.685

	
(0.311; 0.655)

	
(0.233; 0.691)




	
Mazowieckie

	
0.648

	
0.628

	
(0.788; 1.000)

	
(0.055; 0.643)




	
Opolskie

	
0.152

	
0.391

	
(0.128; 0.608)

	
(0.263; 0.501)




	
Podkarpackie

	
0.519

	
0.548

	
(0.259; 0.663)

	
(0.207; 0.807)




	
Podlaskie

	
0.610

	
0.793

	
(0.359; 0.681)

	
(0.075; 0.921)




	
Pomorskie

	
0.389

	
0.468

	
(0.237; 0.854)

	
(0.441; 1.000)




	
Śląskie

	
0.243

	
0.295

	
(0.138; 0.345)

	
(0.259; 0.469)




	
Świętokrzyskie

	
0.350

	
0.350

	
(0.206; 0.570)

	
(0.315; 0.969)




	
Warmińsko-Mazurskie

	
1.000

	
0.991

	
(0.373; 1.000)

	
(0.214; 1.000)




	
Wielkopolskie

	
0.453

	
1.000

	
(0.402; 0.998)

	
(1.000; 1.000)




	
Zachodniopomorskie

	
0.746

	
0.589

	
(0.620; 1.000)

	
(0.212; 0.912)
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Table 5. Biomass potential for Central European countries per capita (where: 1 PJ = 109 MJ, 1 GJ = 103 MJ).
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	Country
	Total Biomass Potential (PJ)
	Biomass Potential per Person (GJ/person)





	Czech Republic
	300
	28.16



	Germany
	560–1050
	6.74–12.64



	Hungary
	153–190
	15.60–19.37



	Italy
	1094–1260
	18.08–20.83



	Poland
	900
	23.44



	Slovenia
	28–53
	13.57–25.70



	Slovakia
	90
	16.52







Source: [78].
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