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Abstract

:

The mitigation of climate change poses a major challenge to the legal framework which aims to stimulate the development of renewable energy sources. The European Union’s direction for the use of renewable energy is distributed generation and an increased use of by-products and organic waste, especially in the production of next-generation biofuels. The main aim of this study is to evaluate the production potential of straw in Poland and the possibility of its use for energy purposes, including a forecast for 2030, on the assumption that the management of this resource is in accordance with the provisions of the Polish Code for Good Agriculture Practice. In Poland, in the years 1999–2018, the average annual surplus of straw harvested over agricultural consumption equalled 12.5 million tons (4.2 Mtoe). Its largest surpluses were in the Dolnośląskie, Kujawsko-Pomorskie, Lubelskie, Wielkopolskie, and Zachodniopomorskie voivodeships (NUTS2). Based on the developed panel models, forecasts for straw surpluses in Poland are presented in three perspectives: realistic, pessimistic, and optimistic. The forecasts show regional differentiation until 2030. Each of the three perspectives indicate a slow increase in these surpluses, and depending on the adopted version, it will range from 10.6% to 21.9%.






Keywords:


renewable energy sources; straw; biofuels; agriculture residues; forecasting; modelling; Poland












1. Introduction


The production of biofuels has led to many controversies. It has been undermined for ethical [1,2,3,4], economic [5,6,7], and environmental [8,9] reasons. Its production has become a subject of numerous discussions, polemics, comments, and contradictory judgments which vary from extreme negations and objections [10,11] to equally extreme affirmations and approvals [12,13]. Therefore, frequent changes in the legislations related to this market can be observed [14,15]. In 2019, the European Parliament and the European Council adopted the climate package [16] in which the European Union is obligated to reduce greenhouse gas emission by 20% (in CO2 equivalent) by the year 2020 (if similar commitments are made by other developed countries, this reduction may be as high as 30%). In the same period, the EU is supposed to increase its share of renewable energy in total energy production from 8.5% to 20%, increase the share of biofuels in transport fuels to at least 10%, as well as reduce energy consumption by 20%.



The European Union’s Renewable Energy Directive (EU-RED) [17] is the main document regulating the biofuels sector. Implementing these plans would result in very significant increases in global land use for biofuels and thus greenhouse gas (GHG) emissions due to the effects of both direct and indirect land-use changes. Various studies now conclude that quite a large share of these biofuels is not sustainable and is not likely to meet the sustainability criteria once Indirect Land Use Change (ILUC) is included [18,19,20]. Ongoing discussions and numerous analyses of the biofuels market resulted in modifications of existing solutions and changes in directives of the European Parliament and the European Council (EU) 2015/1513 [21] and (EU) 2018/2001 [22]. Among the key changes within the new directives is the limit for the first-generation biofuels (generated mainly from crops—grains, sugar cane and vegetables oils). The limit applied restricts their level at 7% in 2020. The other 3% (at minimum) are to consist of the second-generation biofuels. These, in turn, are to be produced from cellulose, hemicellulose (e.g., crop residues, leftovers in forestry), lignocellulosic crops, as well as third-generation biofuels derived from aquatic autotrophic organisms (e.g., algae).



The Renewable Energy Directive proposal for the period 2021–2030 presented by the EU Commission in November 2016 included the following 2030 targets concerning the transportation: decrease the limits on food and feed-based biofuels down to 3.8% and introduce a requirement for fuel suppliers requiring to blend 6.8% of advanced fuels [23]. To achieve them, the fuel industry entities are focusing their research and development (R&D) efforts to define and substantiate possible development pathways and improved fuel production technologies [24]. Among the key inputs for the production of new generation fuels is ordinary straw, being a crop by-product (residue) left in the fields after the primary crop (e.g., cereals, rapeseed, sunflowers) is harvested. The straw includes stalks, leaves, and empty ears and corncobs, which are the leftovers separated from the grains. Straw serves several functions as it can be used as lignocellulosic feedstock for the production of biofuels and chemicals while being a nitrogen-fixing element beneficial for the climate change mitigation. Theoretical advances [25,26,27] in regard to production of advanced biofuels based on straw inputs have been confirmed in practice [28,29,30] as well.



High investment costs (ca. €40 million for 50 Gg y-1 yield) [31] predefine the need for a long-term and stable supply of raw materials. Biomass has become one of the most globally studied directions to ensure renewable energy generation based on low-emission sources. There are also varied strategies [31,32,33] in regard to the biomass utilization as the renewable energy source. More in-depth analyses of straw use for bioenergy generation are also being conducted on regional and local levels [29,30,31,32,33,34,35,36,37]. One of them [38] reveals that total UK crop residues equal 20.4 Mt of dry matter (including 8.37 Mt collectable and 4.2 Mt available). Intensifying trend of the past several years is utilization of straw as the basis for second-generation biofuels (produced from agricultural non-food produce). Second-generation bioethanol is a liquid biofuel used for transportation purposes, which is in line with the sustainable development goals, since both the generation of ethanol and its combustion in engines contribute to diminishing the emission of CO2 to the atmosphere [39,40,41,42]. The research conducted in Sweden shows that GHG emissions from biofuels produced from straw were significantly lower than those produced from cereal grains [43].



The issue of straw usage for energy purposes, including ethanol production, and analyses of its potential were also undertaken in Poland [16,32,44,45], but these studies were mainly retrospective and included only short-term forecasts [46,47,48,49,50,51,52,53]. This study fills the gaps in the literature because its main goal is the evaluation of the production potential of straw in Poland and the possibility of its use for energy purposes, including a forecast up to the year 2030, on the assumption that the management of this resource (straw) is in accordance with the provisions of the Polish Code for Good Agriculture Practice [54].




2. Materials and Methods


2.1. Overview


Despite being a by-product, straw has a great economic importance, especially in agricultural production. It is mainly used as bedding, organic fertilizer or fodder. Such use of straw was proved in the early eighties by the research of Institute of Soil Science and Plant Cultivation (IUNG) in Puławy. The research showed that ca. 58% of harvested straw was used for bedding, 36% for fodder and 6% for other uses (covering mounds, isolating mats in horticultural farms, insulating buildings). During periods of lower harvest, like in the years 1977–1980, there was even a deficit of straw. In the second half of the eighties, there was a shift in the structure of agricultural production resulting in a significant decrease of livestock (primarily cattle, sheep and horses) and increase in cereals and rapeseed sowing. Straw harvests began to exceed the demand, inducing theoreticians and practitioners to look for new uses such as production of energy [49,50,52].




2.2. Methodology and Material Sources for Estimation of Straw Surplus


In order to assess its quantity available for alternative use (energy production), the following formula was applied:


   S s  =  P s  −  (   D I  +  D f  +  D  o f    )   



(1)




where:



	
   S s   —surplus of straw for alternative use (energy production);



	
   P s   —production of straw from basic cereals (including mixtures), rapeseed and corn;



	
   D I   —straw demand for bedding;



	
   D f   —straw demand for fodder;



	
   D  o f    —straw demand for ploughing (organic fertilizer).






This selection of plants was based on the fact that the straw from basic cereals together with mixtures, rapeseed and corn constitute about 99% of total straw production in Poland and is suitable for energy production uses. The analysis is based on data received from the main office of the Statistics Poland (GUS) located in Warsaw. The data allowed the determination of the harvest of straw from cereals (including mixtures) in the years 1999–2019, divided by voivodeships NUTS2 (Nomenclature of Territorial Units for Statistics). The period was chosen due to administration changes introduced in 1 January 1999 which resulted in the creation of new voivodeship borders (NUTS2) [55]. The data mentioned above lacked information about the harvest of rapeseed and corn. The harvest of those plants was calculated based on the harvest of their seeds. The ratio of seeds to straw was assumed to be 1:1. In the data received from Statistics Poland, there was also no information about the distribution of straw. Straw demand for fodder and bedding was estimated on the basis of livestock population and annual norms for individual species and utility groups:


   D I  =   ∑   i = 1  n   q i   s i    a n d    D f  =   ∑   i = 1  n   q i   p i   



(2)




where:



	
   D I   —straw demand for bedding;



	
   D f   —straw demand for fodder;



	
   q i   —population  i  of individual species and utility groups;



	
   s i     —straw demand norm for bedding by  i  species and utility groups [56];



	
   p i     —straw demand norm for fodder by  i  species and utility groups [56].






In recent years, the reduction in the area of grass and perennial legumes as well as a significant decrease in the animal population and the associated lower manure production resulted in a loss of organic matter in soil. In order to balance it, a proportion of the straw must also be allocated for the conservation of the soil’s organic matter [50,57].



The increase or loss of organic matter can be measured with the use of coefficients which determine its reproduction or degradation [50,57]. Knowing the sown area of individual plant groups and the amount of manure produced (based on animal population and appropriate norms [oi]), the balance of organic substance  B  was determined based on to the following formula:


  B =   ∑   i = 1  n   a  r i    c  r i   +   ∑   i = 1  n   a  d i    c  d i   +   ∑   i = 1  n   q i   m i     



(3)




where:



	
 B —balance of organic matter ( t );



	
   a  r i      —area of plant groups which increase the content of organic matter (ha);



	
   a  d i      —area of plant groups which decrease the content of organic matter (ha);



	
   c  r i      —organic matter reproduction coefficient of given plant group (t·ha−1);



	
   c  d i    —organic matter degradation coefficient of given plant group (t·ha−1);



	
   q i   —livestock population by species and age groups (number of heads);



	
   m i   —manure production norms by species and age groups (t·year−1).






The occurrence of a negative balance of organic matter means that there is a need to plough a certain amount of straw to maintain a sustainable balance of humus. It was assumed that 1 ton of dry solid manure is equivalent to 1.54 tons of straw, hence the need for straw to be ploughed is calculated as follows:


   D  o f   = 1.54   B  



(4)




where:



	
   D  o f    —straw demand for ploughing (organic fertilizer);



	
 B —balance of organic matter.







2.3. The Applied Statistical Methods


First, for each of the 16 voivodeships and for the whole of Poland, the best straw surplus trend model was searched for among linear (y = a0 + a1t) and non-linear models:




	
y = a0 + a1t2;



	
y = a0 + a1t3;



	
y = a0 + a1t + a2t2;



	
y = a0 + a1t + a2t3;



	
y = a0 + a1t2 + a2t3;



	
y = a0 + a1t + a2t2 + a3t3.








The criterion for choosing the final model was the significance of the parameters as well as the value of the coefficient of determination, which were estimated using the Wolfram Mathematica software in addition, the selected model verified the hypothesis of the occurrence of autocorrelation residues based on the Box–Pierce and Ljung–Box tests [58]. Then, based on the 17 models, point projections for 2025 and 2030 were estimated along with 95% confidence intervals. Next, the selected models were subjected to further verification in order to determine (and confirm) their quality. Next, the selected model was subjected to further verification in order to determine (and confirm) its quality [59].



The amount of straw surplus was also estimated using a cause-effect model. The following variables were used to study the causes of changes in straw surplus:




	
Y1—harvest of straw from basic cereals with mixtures (thousands of tons);



	
Y2—harvest of straw from rapeseed (thousands of tons);



	
Y3—harvest of straw from corn (thousands of tons);



	
Y4—Y1 + Y2 Y3;



	
Y5—surplus of straw (thousands of tons);



	
X11—sown area of basic cereals with mixtures (thousands of ha);



	
X21—sown area of rapeseed (thousands of ha);



	
X31—sown area of grain corn (thousands of ha);



	
X12—straw yield from cereals with mixtures (t·ha−1);



	
X22—straw yield from rapeseed (t·ha−1);



	
X32—straw yield from corn (t·ha−1);



	
X412—straw consumption for fodder and bedding (thousands of tons);



	
X43—straw consumption for ploughing (organic fertilizer) (thousands of tons).








The procedure of finding the best set of variables consisted of the stepwise a posteriori elimination of statistically insignificant variables (at 0.05) from the model (which initially contained all potential variables) and the removal of non-coincident variables (which, if maintained, would cause difficulties in interpreting the estimated parameters of the model).



In order to estimate the forecasts based on the selected cause–effect models, it was required to obtain in advance the predicted values of explanatory variables. Such forecasts, broken down by individual voivodeships, were estimated based on the time series models from the ARIMA (p,d,q) (Autoregressive Integrated Moving Average) class models. Such models are relatively “universal” in that they consist of an autoregressive (AR) element and a moving average (MA), i.e., a random component with an extensive structure, and can additionally be built on different values (if necessary), which helps solve problems related to the modelling of non-stationary time series [58]. Moreover, these models are built only on the basis of statistical properties of modelled data—they do not require the search for any additional explanatory variables and automatically solve the problem of autocorrelation of residues, which is quite often found in “classic” models of linear or non-linear trend. The final step was the Granger causality test. According to this test, the variable X is a cause of the variable Y if current values of Y can be predicted with a greater probability based on former values of X than without them (with the rest as a constant), thus, when the coefficients of the delayed variables X are statistically significant.



Next, based on the 17 models, point projections for 2025 and 2030 were estimated along with 95% confidence intervals. As an additional method of verifying the quality and acceptability of forecasts estimated using these two types of models (i.e., trend and cause–effect), the straw surpluses forecast for individual voivodeships were summed and compared with the forecasts obtained for the whole of Poland.





3. Results


3.1. Statistical Characteristics of Variables


One of the main factors determining the possibility of the use of straw in the energy sector is the volume and stability of its production. In the analysed years, the average annual total straw harvest (Y4) in Poland amounted to 29.5 million tons. In terms of weight, it was similar to cereal grain harvests, which confirms the thesis put forward by V. Smil [60] that a significant part of the global production produced in agriculture are by-products. In countries with similar soil-natural conditions to Poland, straw is the most important among all by-products [61]. The highest harvests of straw in Poland, reaching 35.8 million tons, were recorded in 2014, and the lowest in 2000, 2003, and 2006 (respectively: 22.9, 24.0, and 23.4 million tons), which shows that they were characterized by significant fluctuations. In the harvest structure, the largest share had basic cereal straw with mixtures (84.8%), the production of which oscillated around an average of 25.1 million tons. Rapeseed had the lowest share (6.5%). Rapeseed straw (Y2) harvests were characterized by a slow upward trend until 2003 and a significant increase from 2004. The lowest harvests occurred in 2003 and amounted to 793 thousand tons, after which they increased relatively quickly and reached the highest value in 2014 (3.4 million tons). The corn (Y3) straw harvest was relatively small in 1999 (599 thousand tonnes) but began to increase very rapidly. In 2001, the corn straw harvest exceeded the level of the rapeseed straw harvest and in 2013 amounted to 4 million tonnes.



In the years 1983–1990, the average annual surplus over agricultural consumption (Y5) amounted to 5119 thousand tons, which in 2007–2013 rose, on average, to 17047 thousand tons [50]. Using them for energy purposes would meet 5% of primary energy demand. An increasing surplus of straw is caused by a decrease in the number of livestock and thereby a decreasing demand for (mainly) bedding. An unfavourable phenomenon, although characteristic to agriculture, were fluctuations in the straw harvest, which had a direct impact on the level of its surpluses. In the year 2000, the straw surplus amounted to only 6348 thousand tons, and in following year, they amounted to more than twice as much at 15,042 thousand tons. Such significant fluctuations, although occurring every few years, are one of the barriers that inhibit the use of straw outside agriculture.



The main factors determining the surplus straw were mainly the sown and crop area of cereals and oilseeds as well as its consumption. The area of sown basic cereals with mixtures (X11) reached a maximum value of about 8.6 million ha in 1999–2001, after which it fell sharply by 602 thousand ha in 2002 and by 169 thousand ha in 2003, covering an area of 7.8 million ha (reaching the level of the second decade of the 1970s). The following years brought a slow increase to 8.2 million ha, followed by another sharp decrease in the sown area—in 2013–2019 it ranged from 6.7 to 7.1 million ha. The increase in the area of sown basic cereals with mixtures (X11) in the initial years of the examined period was caused by the decrease in the animal population, and thus also the sown area of fodder plants, mainly grown for green matter. In addition, the animal nutrition model was changing, whereby concentrated feed was becoming increasingly more important. The reason for the decrease in the area of basic cereal sowing at the turn of the twentieth and twenty-first centuries was the preparation and implementation of the EU energy policy, which initially recommended and then obliged Member States to increase the production of biofuels, mainly biodiesel [17,21,22]. Hence, the area of rapeseed sowing increased from 426 thousand ha in 2003 to 952 thousand ha in 2014. The area of maize sowing, relatively small in 1999 (104 thousand ha), increased very rapidly and from 2013 oscillated between 562 and 678 thousand ha.



In the years 1999–2019, average yields of straw from basic cereal with mixtures (X12), rapeseed straw (X22) and maize straw (X32) yields were, respectively, 3.3, 2.6 and 6.1 t·ha−1. The highest yields of straw from basic cereal with mixtures were recorded in the 1980s, early 1990s and in 2010. The highest yields of rapeseed straw were observed in the late 1990s and in the years 2004–2009. A slow increase in total straw yields has been observed since 1975. Maize straw yields increased by about 50% in the analysed period (from 4 t·ha−1 in the 1980s to 6 t·ha−1 in the first decade of the 20th century) [50]. The highest corn straw yields were recorded in 2012 (7.4 t·ha−1).



Straw consumption in agriculture depends primarily on the animal population and its structure. This is because it can be used as bedding material for raising all farm animals or as feed for ruminants. During the period under consideration, straw consumption in both cases decreased by approx. 60%. Demand for bedding (X42) declined continuously throughout the entire period between 1999 and 2019. The consumption of straw for fodder (X41) after years of decline, since 2002, has remained at the level of approx. 5.5 million tons. These trends are the result of a decrease in the total livestock population and stabilization of ruminant populations (mainly cattle) since 2002 [50]. Basic descriptive statistics of variables for Poland in total are presented in Table 1. The test was selected automatically by the Wolfram Mathematica software, based on the statistical properties of each variable. For all variables, with the exception of X32, the non-parametric Kolmogorov-Smirnov test [62] was used to assess the compliance of an empirical distribution with a theoretical normal distribution. For the variable X32, the algorithm of the software has selected Pearson’s chi-square compatibility test [63].



Straw production and the possibilities to use it for energy purposes vary regionally. This strongly depends on the structure of land use, the structure of crops, the size of farms as well as the stocking density and method of breeding livestock. In 2019, the areas with the highest potential to use straw for energy purposes were in Wielkopolskie, Lublin, Lower Silesia, West and Kujawsko-Pomorskie. The lowest potential was seen in Podlaskie and Podkarpackie voivodeships, which in some years even had a deficit of straw. The basic characteristics of variables by voivodeships are presented in Table 2.




3.2. Trend Models for Straw Surplus (Y5) in Poland in the Years 1999–2019


Table 3 and Figure 1 present trend models of total straw surplus in Poland and by individual voivodeships.



In Poland, in total, for the surplus of straw (Y5), the best model turned out to be the linear function. Non-linear models—with a square and cube of a time variable—either had irrelevant parameters or indicated that, already in 2024, the surplus straw would fall to zero and would continue to fall, which is unacceptable. Residual components of the linear model did not show autocorrelation and are characterized by normal distribution, as proven by Ljung–Box test (Statistic 7357.54, p-value 0.616) and by Kolmogorov–Smirnov test (Statistic 1.162, p-value 0.187). The trend model was fitted to the data in 43.2%.



For most voivodeships (11), linear trends were the best. The estimated trend parameters for these voivodeships indicated an upward trend in the surplus of straw (Y5) in the years 1999–2019 (from 10.64 thousand tonnes on average a year in the Świętokrzyskie voivodeship, to 78.68 thousand tonnes on a yearly average in the Lubelskie voivodeship; on average, 33.86 thousand tonnes).



For the Pomorskie voivodeship the square trend turned out to be best suited, and for the Podlaskie voivodeship it was the cubic trend. At the same time, the Podlaskie voivodeship was the only voivodeship in which straw production was lower than demand.



In the case of the Wielkopolskie voivodeship, the non-linear trend turned out to be unacceptable due to generated forecasts, while the linear trend did not have a significant parameter of the time variable. Therefore, it was considered that no trend model could be obtained in this case. For the Mazowieckie and Zachodniopomorskie voivodeships, no trend model with significant parameters could be estimated. Therefore, for these three voivodeships, instead of the trend model, a constant level of straw surplus (with an average value) was adopted for the entire period considered.



The fitting of trend models to the data was not very high. The adjusted coefficients of determination R2 for obtained equations ranged from 0.22 to 0.60 (average 0.39). Of course, this does not mean that trends did not correctly reflect development trends. The relatively low values of the coefficients of determination were due to quite large fluctuations in production, and thus also surpluses of straw.




3.3. Cause-Effect Models of Surplus Straw (Y5) in Poland in the Years 1999–2019


Table 4 and Figure 2 show the cause-effect models of straw surpluses in Poland in total and by individual voivodeships in the years 1999–2019. Based on the tests of independence using Pearson’s correlation, Spearman’s correlation and Hoeffding’s D statistics, it was found that the surplus of straw (Y5) was significantly correlated with the following variables: sown area and yields of basic cereals with mixtures (X11; X12), rapeseed (X21), and corn (X31; X32), as well as consumption for fodder and bedding (X412) and ploughing (X43). As expected, the relationships (correlations) are positive with variables describing straw harvests, cereals and rapeseed sown areas and yields. Also expected were negative relationships describing straw consumption for fodder and bedding.



Granger causality tests were also performed [64]. The tests show that the amount of surplus straw is affected (in terms of Granger causality) by straw yields of four cereals and straw consumption for feed, bedding, and ploughing. Due to the possibility of apparent regression, the degree of integration of the variables was also examined. For the original time series, the basic integration test was used, taking into account the possibility of a non-zero mean and deterministic trend for different series.



During the construction of cause-effect models, a set of independent variables that would best explain the changes in the level of surplus straw in the years 1999–2019, were searched for. Subsequently, the equation parameters with all possible combinations of these variables were estimated and equations with the highest corrected coefficient of determination and the lowest value of the Akaike information criterion (AIC) were selected. Then the insignificant variable (X22) was removed from the model. For each voivodeship, models were finally estimated in which all parameters with explanatory variables were statistically significant (at the level of 0.05) and coincidental. No random component autocorrelation phenomenon was observed in the estimated models.



All received models contained at least two explanatory variables. The obtained models were very well fitted to the empirical data (Figure 2 and Table 4). The adjusted determination coefficients had values from 0.80 to 0.96, which means that the models explained at least 80% of the changes in the surplus of straw by voivodeships in the examined period.



The amounts of straw surpluses vary regionally because they depend on the land use, the structure of crops, the size of farms, as well as the stocking density and method of raising livestock. The greatest possibilities for straw use for energy production purposes were characterized in the following voivodeships: Wielkopolskie, Kujawsko-Pomorskie, Lubelskie, Zachodniopomorskie, Dolnośląskie, and Mazowieckie. The results obtained are close to the estimates presented by other authors [46,47,48,49,50,51,52,53,56].




3.4. Straw Surplus Forecasts


Long-term forecasts require that models meet certain prediction assumptions [65] in regard of stability over time of, among others, (i) economic regularity, (ii) model parameters, and (iii) random component distribution.



Therefore, obtained models for the Y5 variable were subjected to additional analysis to check their structural stability over time. The forecast based on this model required prior obtainment of the forecast values of the above seven explanatory variables.



The models in Table 3 and Figure 1 were used to forecast the straw surpluses based on the trend; their properties are described in Section 3.2. Based on the estimated trend models, point and interval forecasts were calculated for the lower and upper limits of the confidence interval (95%). The numerical results are shown in Table 5, and the visualization of forecasts in Figure 3.



The presented forecast of surplus straw built on the basis of trend models shows that in most voivodeships growth of the straw surplus will be steady. In 2030, these surpluses will amount to over 22 million tons, the highest will be in the Lubelskie, Dolnośląskie, Pomorskie, Kujawsko-Pomorskie and Zachodniopomorskie voivodeships, and the lowest in Lubuskie, Małopolskie, Podkarpackie, and Świętokrzyskie voivodeships. Straw deficit in the Podlasie voivodeship will continue, due to the low share of cereals and rapeseed in the structure of sown crops and large-scale cattle breeding.



To prepare the straw surplus forecast based on cause-effect models, the equations given in Table 4 and Figure 2 were used; their properties are described in Section 3.3. Based on the estimated models, the point and interval forecasts were calculated for the lower and upper limits of the confidence interval (95%). Numerical results are presented in Table 6, and forecast visualization in Figure 4.



For all voivodeships (except for Podlaskie and Warminsko-Mazurskie voivodeships), forecasts based on the trend are higher than forecasts resulting from the cause-effect model. Considering the values of determination coefficients, forecasts estimated on basis of cause–effect models are more reliable.





4. Discussion


Poland is perceived within the EU as having a substantial biomass production potential that could be used for energy generation purposes. One of the factors is the level of availability of agricultural areas (AA), which calculated per capita equals 0.41 ha and is higher compared to the EU-15 average. Studies [66,67] show that areas between 1.0 and 4.3 million hectares of Polish land are available for production of biomass suitable for energy generation purposes.



The 2019 statistical data reveals that out of 14.6 million hectares of land in Poland 10.9 million hectares are utilized for crop production. Within this area up to 8.787 million hectares could be utilized for cultivation of crops providing the straw as its by-product (primarily cereals, corn, and rapeseed). Currently the cereals and rapeseed show the largest shares in the crops’ structure (72.4% and 8.0% respectively). At the same time regional differences are present in regard to the crop structure, yet cereals are typical for all regions (reaching share of 75%). Therefore, the potential for removal of straw for the bioenergy generation purposes is highly probable and feasible, especially taking into account the current EU’s renewable energy policy targets [21,22]. Poland too aims to increase the renewable energy generation with the key national policies defining or regulating the use of straw for bioenergy purposes being the biomass energy law [68], Energy Policy of Poland until 2040 [69] and Renewable Energy Sources Act [70].



Numerous independent scientific projects as well as the Joint Research Centre [46] have conducted research aimed at assessment straw’s potential for bioenergy generation in Europe. France is the country with largest biomass potential due to highly spread production of cereals and declining trend of livestock production [71]. Significant possibilities of using straw for energy purposes are also possible in such countries as Poland, Germany, Great Britain, Romania, and Slovakia. However, the Danes have the greatest experience in the field of energy use of straw, where about 20% of the crop is allocated to this purpose [72]. Countries which show particularly large increases in use of straw for energy purposes towards 2020 and 2030 are Polish, France, UK, Romania, Hungary, and Denmark.



The interviews with companies interested in obtaining straw for energy purposes show that, these analyses do not seem to be sufficiently comprehensive. This applies especially in case studies conducted for larger countries such as Germany, France, UK, and Poland, which have a high theoretical potential for this resource. The report prepared for the World Bank [73] predicts that in the coming years straw will become most important of RES in Poland.



This study has confirmed the widely proclaimed thesis about significant surpluses of straw in Poland that can be used for energy purposes. In the years 1999–2019, the average annual surplus of harvested straw amounted to 12.5 million tons (4.2 Mtoe). The study presents those estimates by voivodeships. The largest straw surpluses were available in the following voivodeships: Dolnośląskie, Kujawsko-Pomorskie, Lubelskie, Wielkopolskie, and Zachodniopomorskie.



The main problem is the real availability of straw surplus. The area structure of farms in Poland is very unfavourable as it is dominated by small farms. This reduces substantially the possibility of using high-performance, large-sized presses, which in turn determines an economic feasibility of biomass supply. Hence, the presented study assessed the economic potential of the supply system which would guarantee its economic feasibility based on the system of collection, storage, and transport. It was assumed that potential suppliers of straw should be sought in regions which, in prediction, will have a significant straw surplus to at least 2030 and have a favourable agricultural structure with farms over 50 ha.



As was mentioned above, Polish agriculture is characterized by unfavourable area structure of farms dominated by small farms. From the total number of farms (1.4 million) 85.5% have farmland smaller than 15 hectares. However, farms with the area over 50 hectares (32.1 thousand) operate on total area over 3.4 million hectares. For the calculation purposes it was assumed that economic potential of straw used for energy production depends on the average size of farms. Averaged coefficients for each voivodship were used. For voivodship with a favourable structure of the area (e.g., Zachodnipomorskie Voivodship) the rate stands at 60%, which means that the economic potential is 60.1% of the technical potential.



The results show that in 2030 the economic potential of straw for energy production will account up to 5.4 million tons (1.8 Mtoe). The most promising areas were found in the north and south-west of the country. Limited possibilities of straw use for energy production were found in the Małopolskie, Podkarpackie, and Świętokrzyskie voivodships, whereas Podlaskie Voivodship showed absence of straw surplus. A regional differentiation of straw surplus for alternative use in Poland in the 2030 is illustrated in Figure 5.



So far, the surplus of straw has been used in the following sectors: composting plants, power plants, heating plants, processing plants (briquetting and pelleting plants). According to the author’s estimates, conducted in cooperation with Agricultural Advisory Centres, 600 thousand tons of straw have been earmarked for composting purposes in 2019. The following entities from the energy sector which use straw for energy production have been identify, not only in the studied region, but also in other parts of Poland: Fortum Power and Heat Polska Sp. z o.o.; EDF, which includes Kogeneracja Wrocław and Elektrownia Rybnik, EC Wybrzeże, EC Kraków; ZE PAK, which consists of El. Patnów—Adamów—Konin; GdF Suez Elektrownia Połaniec, The Tauron Group - branches: Elektrownia Jaworzno II, Elektrownia Jaworzno III, Elektrownia Siersza, Elektrownia Łaziska, Zespół Elektrociepłowni Bielsko Biała; PGE, including power plants in Bełchatów, ZE Dolna Odra and EC Szczecin, EL Turów, EL Opole, EC Gorzów Wielkopolski; Thermal power plants of the Veolia Polska Group in Łódź and in Poznań. According to information obtained from the Polish Chamber of Biomass, the studied enterprises acquired approximately 900 thousand tons of straw in the studied region in 2019. Pelleting and briquetting plants, as well as local heat plant are also significant straw users. In 2019, enterprises from this sector acquired approximately 400 thousand tons of straw.




5. Conclusions


The mitigation of climate change is a major challenge for the legal framework which aims to stimulate the development of renewable energy sources. The European Union direction for the use of renewable energy is distributed generation and an increase in the use of by-products and organic waste – particularly in the production of next-generation biofuels. This creates a huge opportunity for rural areas and agriculture where more than half of global production is unfit for consumption. Despite those possibilities, the current production of biofuels used in transportation are from cereals and rapeseed. Such policies are criticized by many as they cause increases in the prices of agricultural raw materials and food. At the same time, their ecological effects in terms of CO2 emission reduction are much lower than assumed.



However, due to the decision of the European Parliament and the European Council, the share of energy from first-generation biofuels is to be gradually reduced; they will be replaced by energy from advanced biofuels and biogas produced from waste materials, renewable nonbiological fuels and electricity from renewable sources [21,22]. There are significant resources of biomass waste in Poland (listed in parts A and B of Annex IX to Directive 2015/1513) that can be used for the production of second-generation biofuels. Such raw materials include straw, but the possibilities of using it for energy should be consistent with the provisions in the Code for Good Agricultural Practice [54].



Cause–effect models based on data for 16 voivodships from the period 1999–2019 were used to estimate the surplus straw. The estimated straw surplus in the studied years was significantly correlated with the following explanatory variables: sown area of the analysed crops (X11, X21, X31), straw yields from four cereals with mixtures (X12), corn X32) and straw consumption for fodder and bedding (X412). The obtained model was very well matched to the empirical data; the corrected coefficient of determination equalled 0.90. Based on the developed panel models (which were characterized by the ability to explain the described phenomena), forecasts for straw surpluses in Poland were presented in three perspectives: realistic, pessimistic, and optimistic. The forecasts show regional differentiation until 2030. Each of three perspectives indicate a slow increase in these surpluses; depending on the adopted version, it will range from 10.6% to 21.9%.



The basic problem, however, is the real availability of surpluses of straw. The area structure of farms in Poland is very unfavourable because of the domination of small farms. This significantly limits the possibility of using high-performance, large-scale straw harvesting presses and determines the success of the supply of biofuel (the organization of an efficient harvesting, storage, and transport system). Potential suppliers of straw for the biofuel sector should be sought in regions which will have significant surpluses of straw over the needs arising from agricultural production until at least 2030 and are characterized by a favourable area structure of farms (a significant number of large-scale farms, i.e., above 50 ha). These conditions are met by three regions: the southeastern (covering the eastern part of the Lubelskie and Podkarpackie voivodeships), the southwest (Dolnośląskie and Opolskie voivodeships), and the northwest (Pomorskie and Zachodniopomorskie voivodeships).



However, this does not mean that, on a local scale (township or county) in these regions, straw could not be employed for energy-related purposes. This would however require making calculations on a micro-scale, and it would then be possible to define the requisition of straw for agricultural purposes with greater accuracy, at the same time taking into account various methods of animal husbandry (litter and non-litter systems) and nutrition (nutritive or bulky fodder).
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Figure 1. Observed values and trend models of straw surpluses (Y5) in Poland by voivodeships. 
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Figure 2. Observed values and cause-effect models of straw surpluses (Y5) in Poland by voivodeships. 
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Figure 3. Point and interval forecast of Surplus of straw (Y5) on the basis trend models (thous. t). 
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Figure 4. Point and interval forecast of Surplus of straw (Y5) based on cause-effect models (thous. t). 






Figure 4. Point and interval forecast of Surplus of straw (Y5) based on cause-effect models (thous. t).



[image: Energies 13 05054 g004]







[image: Energies 13 05054 g005 550] 





Figure 5. Straw surplus for energy production in Poland. 
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Table 1. Basic statistics of variables determining the straw surplus (Y5) in Poland.
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	Variables
	Mean
	Median
	Minimum
	Maximum
	Standard Deviation (st.dev)
	Prospensity
	Kurtosis
	p-Value





	Y1
	25,069.6
	24,855.7
	20,449.5
	29,194.5
	2613.1
	−0.196
	2.013
	0.231



	Y2
	1926.9
	2105.8
	793.0
	3276.0
	684.9
	−0.070
	2.142
	0.480



	Y3
	2550.6
	1994.2
	599.4
	4468.0
	1221.0
	0.238
	1.675
	0.026



	Y4
	29,546.9
	30,002.0
	22,885.6
	35,847.0
	3285.0
	−0.426
	3.042
	0.506



	Y5
	12,512.1
	13,727.9
	3520.9
	20,563.7
	4287.2
	−0.456
	2.855
	0.374



	X11
	7590.2
	7769.7
	6699.0
	8599.9
	656.4
	0.059
	1.586
	0.125



	X21
	721.8
	796.8
	426.3
	952.0
	192.1
	−0.375
	1.608
	0.082



	X31
	414.5
	339.3
	104.2
	678.0
	181.5
	0.139
	1.738
	0.031



	X12
	3.3
	3.4
	2.4
	4.2
	0.4
	−0.171
	3.272
	0.605



	X22
	2.6
	2.6
	1.9
	3.4
	0.4
	0.013
	2.758
	0.355



	X32
	6.1
	6.1
	4.2
	7.3
	0.8
	−0.404
	3.127
	0.119



	X412
	13,592.1
	13,409.8
	12,026.1
	16,560.7
	1213.7
	0.556
	2.774
	0.703



	X43
	2780.2
	2884.8
	1823.6
	3463.1
	510.9
	−0.495
	2.120
	0.406
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Table 2. Basic statistics of variables determining the straw surplus (Y5) in Poland by voivodeships.






Table 2. Basic statistics of variables determining the straw surplus (Y5) in Poland by voivodeships.





	
Specification

	
X11

	
X21

	
X31

	
X12

	
X22

	
X32

	
X412

	
X43

	
Y1

	
Y2

	
Y3

	
Y4

	
Y5






	
Dolnośląskie

	
median

	
461.0

	
110.3

	
69.9

	
4.6

	
2.7

	
6.6

	
280.5

	
902.9

	
2148.3

	
271.5

	
449.4

	
2878.4

	
1591.8




	
mean

	
455.8

	
101.0

	
71.0

	
4.7

	
2.6

	
6.5

	
299.1

	
903.2

	
2136.3

	
272.7

	
460.2

	
2869.2

	
1426.0




	
st.dev

	
31.4

	
28.7

	
17.9

	
0.7

	
0.4

	
0.8

	
72.8

	
60.3

	
309.7

	
94.9

	
128.0

	
384.2

	
597.2




	
Kujawsko-pomorskie

	
median

	
599.2

	
83.5

	
33.5

	
3.2

	
2.7

	
5.7

	
1151.6

	
0.0

	
1853.1

	
210.1

	
179.4

	
2341.6

	
1190.0




	
mean

	
594.5

	
82.3

	
46.9

	
3.1

	
2.8

	
5.8

	
1128.5

	
50.4

	
1852.8

	
227.7

	
280.3

	
2360.8

	
1181.9




	
st.dev

	
54.7

	
28.1

	
30.9

	
0.5

	
0.9

	
0.8

	
79.9

	
73.3

	
210.4

	
99.4

	
197.2

	
372.7

	
389.9




	
Lubelskie

	
median

	
803.6

	
43.1

	
18.8

	
3.4

	
2.4

	
5.7

	
898.3

	
544.9

	
2782.1

	
96.9

	
104.0

	
2986.5

	
1426.7




	
mean

	
811.7

	
48.0

	
22.3

	
3.5

	
2.5

	
5.8

	
973.2

	
493.2

	
2833.9

	
123.6

	
132.4

	
3089.9

	
1474.8




	
st.dev

	
60.7

	
30.1

	
11.4

	
0.6

	
0.4

	
0.8

	
223.5

	
180.3

	
527.0

	
90.3

	
77.9

	
580.0

	
720.5




	
Lubuskie

	
median

	
207.3

	
27.7

	
15.3

	
3.4

	
2.4

	
5.6

	
172.3

	
195.7

	
714.1

	
68.0

	
88.6

	
832.8

	
431.7




	
mean

	
197.2

	
26.8

	
15.6

	
3.4

	
2.4

	
5.6

	
173.8

	
204.7

	
678.9

	
69.9

	
88.5

	
837.4

	
437.8




	
st.dev

	
24.9

	
8.9

	
4.5

	
0.9

	
0.6

	
1.3

	
19.6

	
60.5

	
143.2

	
31.8

	
34.9

	
177.8

	
197.3




	
Łódzkie

	
median

	
598.5

	
16.0

	
11.8

	
2.9

	
2.3

	
5.7

	
1095.5

	
0.0

	
1630.9

	
37.4

	
71.8

	
1825.5

	
812.1




	
mean

	
598.7

	
14.6

	
16.5

	
2.8

	
2.4

	
5.7

	
1082.8

	
7.2

	
1697.1

	
36.8

	
93.9

	
1827.8

	
745.1




	
st.dev

	
34.8

	
7.2

	
10.8

	
0.3

	
0.6

	
1.1

	
91.3

	
27.0

	
212.6

	
21.4

	
64.9

	
237.6

	
290.1




	
Małopolskie

	
median

	
241.7

	
4.5

	
13.4

	
3.5

	
2.8

	
6.2

	
528.6

	
0.0

	
866.5

	
12.5

	
81.9

	
938.9

	
404.8




	
mean

	
227.5

	
5.2

	
15.9

	
3.8

	
2.7

	
6.2

	
584.4

	
13.1

	
855.4

	
15.0

	
102.4

	
972.8

	
375.3




	
st.dev

	
32.5

	
3.2

	
6.6

	
0.5

	
0.5

	
0.8

	
202.5

	
24.6

	
190.2

	
9.9

	
51.6

	
161.5

	
204.5




	
Mazowieckie

	
median

	
973.8

	
33.2

	
26.8

	
3.0

	
2.4

	
5.8

	
2187.8

	
0.0

	
2714.9

	
77.2

	
170.2

	
3028.0

	
897.1




	
mean

	
950.7

	
30.7

	
34.5

	
2.9

	
2.4

	
5.7

	
2176.6

	
0.0

	
2764.7

	
75.7

	
196.9

	
3037.2

	
860.6




	
st.dev

	
99.7

	
13.8

	
21.9

	
0.3

	
0.5

	
0.6

	
115.4

	
0.0

	
358.9

	
37.3

	
125.3

	
322.0

	
309.9




	
Opolskie

	
median

	
297.7

	
71.2

	
46.2

	
3.6

	
2.9

	
6.7

	
342.9

	
315.5

	
1063.7

	
213.2

	
283.8

	
1682.7

	
950.2




	
mean

	
294.7

	
65.7

	
44.1

	
4.2

	
2.9

	
6.8

	
339.5

	
314.5

	
1207.6

	
196.7

	
301.0

	
1705.4

	
955.2




	
st.dev

	
16.2

	
15.6

	
8.5

	
1.1

	
0.6

	
1.3

	
55.2

	
85.6

	
301.7

	
62.8

	
86.9

	
348.7

	
482.6




	
Podkarpackie

	
median

	
244.1

	
16.2

	
12.6

	
2.9

	
2.2

	
5.8

	
370.9

	
136.5

	
629.0

	
33.2

	
69.4

	
831.2

	
307.3




	
mean

	
239.8

	
15.2

	
16.6

	
2.9

	
2.2

	
6.1

	
396.4

	
147.3

	
680.7

	
35.4

	
106.6

	
822.7

	
268.7




	
st.dev

	
38.9

	
7.0

	
8.1

	
0.4

	
0.3

	
1.0

	
195.1

	
98.1

	
137.5

	
18.8

	
66.1

	
111.5

	
144.1




	
Podlaskie

	
median

	
491.6

	
5.1

	
4.8

	
2.5

	
2.6

	
5.0

	
1640.0

	
0.0

	
1149.2

	
14.8

	
26.3

	
1198.7

	
-437.4




	
mean

	
473.1

	
6.9

	
9.9

	
2.4

	
2.5

	
5.2

	
1613.7

	
0.0

	
1138.9

	
19.4

	
55.5

	
1213.8

	
-399.9




	
st.dev

	
53.2

	
5.3

	
9.0

	
0.4

	
0.6

	
1.1

	
127.2

	
0.0

	
177.6

	
16.4

	
54.4

	
171.0

	
186.2




	
Pomorskie

	
median

	
401.5

	
54.6

	
5.0

	
3.0

	
2.6

	
5.0

	
532.9

	
97.5

	
1241.2

	
156.7

	
23.1

	
1397.8

	
749.9




	
mean

	
404.6

	
56.7

	
5.6

	
3.2

	
2.6

	
5.0

	
549.0

	
100.5

	
1267.0

	
153.7

	
29.3

	
1449.9

	
785.0




	
st.dev

	
24.4

	
17.0

	
3.4

	
0.6

	
0.5

	
1.1

	
50.1

	
39.6

	
195.4

	
65.9

	
21.8

	
256.8

	
281.6




	
Śląskie

	
median

	
201.6

	
18.2

	
14.9

	
4.1

	
2.6

	
6.7

	
302.2

	
39.6

	
807.4

	
48.4

	
102.9

	
967.9

	
621.5




	
mean

	
200.7

	
16.9

	
15.3

	
3.9

	
2.6

	
6.7

	
321.1

	
34.8

	
792.5

	
44.4

	
103.0

	
939.8

	
583.0




	
st.dev

	
13.5

	
4.7

	
4.1

	
0.5

	
0.4

	
0.9

	
59.7

	
32.9

	
92.8

	
14.6

	
31.8

	
118.6

	
135.8




	
Świętokrzyskie

	
median

	
268.1

	
6.3

	
3.3

	
2.8

	
2.3

	
5.2

	
408.6

	
11.6

	
707.1

	
15.6

	
15.1

	
742.6

	
296.9




	
mean

	
258.1

	
6.3

	
3.6

	
2.7

	
2.3

	
5.2

	
430.6

	
27.2

	
711.1

	
14.8

	
19.2

	
745.2

	
285.2




	
st.dev

	
31.9

	
3.2

	
2.0

	
0.3

	
0.4

	
0.7

	
118.5

	
29.4

	
111.4

	
7.7

	
11.8

	
106.9

	
108.1




	
Warmińsko-mazurskie

	
median

	
427.1

	
58.2

	
7.0

	
3.4

	
2.2

	
5.2

	
890.4

	
0.0

	
1447.0

	
131.8

	
38.9

	
1640.4

	
746.5




	
mean

	
422.0

	
59.4

	
8.3

	
3.5

	
2.2

	
5.2

	
892.0

	
0.0

	
1472.8

	
139.9

	
44.1

	
1656.8

	
764.8




	
st.dev

	
53.8

	
10.8

	
4.2

	
0.7

	
0.4

	
0.8

	
43.7

	
0.0

	
208.9

	
46.5

	
24.5

	
244.5

	
249.6




	
Wielkopolskie

	
median

	
1054.0

	
98.9

	
56.2

	
3.0

	
2.7

	
5.9

	
2328.9

	
0.0

	
2981.2

	
243.4

	
325.0

	
3752.8

	
1359.8




	
mean

	
1016.2

	
94.8

	
80.2

	
3.1

	
2.7

	
6.0

	
2336.5

	
0.0

	
3165.3

	
259.7

	
493.4

	
3918.3

	
1581.9




	
st.dev

	
75.3

	
24.2

	
50.1

	
0.7

	
0.6

	
1.1

	
92.2

	
0.0

	
734.8

	
91.9

	
335.4

	
855.6

	
861.6




	
Zachodnio-pomorskie

	
median

	
462.2

	
98.3

	
6.8

	
4.2

	
2.5

	
5.2

	
260.2

	
487.5

	
1765.5

	
240.9

	
37.5

	
2020.9

	
1279.2




	
mean

	
444.9

	
91.3

	
8.3

	
4.2

	
2.5

	
5.4

	
295.1

	
484.2

	
1814.6

	
241.4

	
43.8

	
2099.8

	
1186.7




	
st.dev

	
59.5

	
16.4

	
8.0

	
0.8

	
0.5

	
0.8

	
68.8

	
163.1

	
347.3

	
81.8

	
38.2

	
370.6

	
402.7




	
Poland

	
median

	
7769.7

	
796.8

	
339.3

	
3.4

	
2.6

	
6.1

	
13,409.8

	
2884.8

	
24,855.7

	
2105.8

	
1994.2

	
30,002.0

	
13,727.9




	
mean

	
7590.2

	
721.8

	
414.5

	
3.3

	
2.6

	
6.1

	
13,592.1

	
2780.2

	
25,069.6

	
1926.9

	
2550.6

	
29,546.9

	
12,512.1




	
st.dev

	
656.4

	
192.1

	
181.5

	
0.4

	
0.4

	
0.8

	
1213.7

	
510.9

	
2613.1

	
684.9

	
1221.0

	
3285.0

	
4287.2
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Table 3. Surplus straw (Y5) trend models in Poland by voivodeships.
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	Specification
	Constant
	t
	p
	t2
	p
	t3
	p
	R2 *





	Dolnośląskie
	661.25
	69.52
	<0.001
	
	
	
	
	0.497



	Kujawsko-pomorskie
	704.30
	43.42
	<0.001
	
	
	
	
	0.450



	Lubelskie
	609.39
	78.68
	<0.001
	
	
	
	
	0.430



	Lubuskie
	261.01
	16.07
	0.019
	
	
	
	
	0.216



	Łódzkie
	394.12
	31.90
	<0.001
	
	
	
	
	0.437



	Małopolskie
	175.37
	18.18
	0.010
	
	
	
	
	0.267



	Mazowieckie **
	
	
	
	
	
	
	
	



	Opolskie
	376.66
	52.59
	<0.001
	
	
	
	
	0.429



	Podkarpackie
	111.07
	14.33
	0.003
	
	
	
	
	0.348



	Podlaskie
	−303.10
	
	
	
	
	−0.04
	0.005
	0.314



	Pomorskie
	536.89
	
	
	1.57
	<0.001
	
	
	0.597



	Śląskie
	425.38
	14.33
	0.001
	
	
	
	
	0.399



	Świętokrzyskie
	168.10
	10.64
	0.003
	
	
	
	
	0.340



	Warmińsko-mazurskie
	514.02
	22.80
	0.007
	
	
	
	
	0.285



	Wielkopolskie ***
	2071.98
	−584.47
	0.048
	79.49
	0.013
	−2.60
	0.008
	0.385



	Zachodniopomorskie **
	
	
	
	
	
	
	
	



	Poland
	7357.54
	468.60
	<0.001
	
	
	
	
	0.432







* adjusted R-squared; ** none of estimated models has significant parameters; *** parameters significant, but model not acceptable due to sudden decrease of forecasted values.
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Table 4. Cause-effect models for surplus of straw (Y5) in Poland by voivodeships.
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	Specification
	Constant
	X11
	p
	X21
	p
	X31
	p
	X12
	p
	X32
	p
	X412
	p
	X43
	p
	R2 *





	Dolnośląskie
	−2726.68
	
	
	10.9
	<0.001
	3.8
	0.050
	415.7
	<0.001
	127.2
	0.009
	
	
	
	
	0.948



	Kujawsko-pomorskie
	−1163.80
	
	
	2.2
	0.049
	
	
	687.7
	<0.001
	
	
	
	
	
	
	0.902



	Lubelskie
	−1907.86
	
	
	
	
	
	
	759.8
	<0.001
	
	
	
	
	1.5
	0.005
	0.809



	Lubuskie
	−429.93
	
	
	4.7
	0.009
	
	
	162.0
	<0.001
	32.4
	0.007
	
	
	
	
	0.933



	Łódzkie
	−27.49
	
	
	
	
	
	
	655.8
	<0.001
	
	
	−1.0
	0.001
	
	
	0.899



	Małopolskie
	−307.20
	
	
	
	
	
	
	277.5
	<0.001
	
	
	−0.6
	<0.001
	
	
	0.952



	Mazowieckie
	−3758.03
	3.1
	<0.001
	
	
	10.1
	<0.001
	898.5
	<0.001
	97.8
	0.002
	−0.8
	<0.001
	
	
	0.959



	Opolskie
	532.44
	
	
	7.6
	0.025
	
	
	206.2
	<0.001
	83.2
	0.015
	−2.7
	0.008
	−1.9
	0.004
	0.901



	Podkarpackie
	−310.32
	
	
	
	
	
	
	250.3
	<0.001
	
	
	−0.4
	<0.001
	
	
	0.802



	Podlaskie
	−423.40
	1.1
	0.016
	
	
	
	
	408.6
	<0.001
	
	
	−0.9
	<0.001
	
	
	0.869



	Pomorskie
	−560.03
	
	
	3.6
	0.015
	
	
	359.6
	<0.001
	
	
	
	
	
	
	0.949



	Śląskie
	−426.17
	
	
	
	
	8.8
	0.001
	181.2
	<0.001
	23.8
	0.031
	
	
	
	
	0.941



	Świętokrzyskie
	−313.83
	
	
	
	
	
	
	277.8
	<0.001
	
	
	−0.4
	<0.001
	
	
	0.893



	Warmińsko-mazurskie
	−313.96
	
	
	
	
	
	
	311.5
	<0.001
	
	
	
	
	
	
	0.842



	Wielkopolskie ***
	3351.16
	
	
	9.9
	0.029
	
	
	924.1
	<0.001
	
	
	−2.40
	0.019
	
	
	0.809



	Zachodniopomorskie
	−237.701
	
	
	
	
	
	
	416.8
	<0.001
	
	
	−1.0
	0.022
	
	
	0.916



	Poland
	−18,335.00
	
	
	5.5
	0.004
	
	
	8111.9
	<0.001
	
	
	
	
	
	
	0.940







* adjusted R-squared; *** parameters significant, but model not acceptable due to sudden decrease of forecasted values.













[image: Table] 





Table 5. Point and interval forecast of Surplus of straw (Y5) on the basis trend models (thous. t).
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Specification

	
2025

	
2030




	
Lower Endpoint

	
Forecast

	
Upper Endpoint

	
Lower Endpoint

	
Forecast

	
Upper Endpoint






	
Dolnośląskie

	
1497

	
2538

	
3580

	
1757

	
2886

	
4015




	
Kujawsko-pomorskie

	
1166

	
1877

	
2587

	
1323

	
2094

	
2864




	
Lubelskie

	
1397

	
2734

	
4071

	
1679

	
3127

	
4576




	
Lubuskie

	
266

	
695

	
1124

	
310

	
775

	
1241




	
Łódzkie

	
720

	
1256

	
1791

	
835

	
1415

	
1995




	
Małopolskie

	
236

	
666

	
1097

	
290

	
757

	
1223




	
Mazowieckie

	
lower = 719

	
mean = 860

	
upper = 1001




	
Opolskie

	
900

	
1797

	
2694

	
1088

	
2060

	
3031




	
Podkarpackie

	
212

	
498

	
784

	
259

	
570

	
880




	
Podlaskie

	
−1594

	
−1053

	
−511

	
−2376

	
−1551

	
−726




	
Pomorskie

	
1172

	
1684

	
2197

	
1506

	
2149

	
2791




	
Śląskie

	
553

	
812

	
1071

	
603

	
884

	
1165




	
Świętokrzyskie

	
240

	
455

	
671

	
275

	
509

	
743




	
Warmińsko-mazurskie

	
611

	
1130

	
1648

	
681

	
1244

	
1806




	
Wielkopolskie

	
lower = 1189

	
mean = 1581

	
upper = 1974




	
Zachodniopomorskie

	
lower = 1003

	
mean = 1186

	
upper = 1370




	
Poland

	
12,062

	
20,010

	
27,958

	
13,740

	
22,353

	
30,965
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Table 6. Point and interval forecast of Surplus of straw (Y5) based on cause-effect models (thous. t).
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Specification

	
2025

	
2030




	
Lower Endpoint

	
Forecast

	
Upper Endpoint

	
Lower Endpoint

	
Forecast

	
Upper Endpoint






	
Dolnośląskie

	
1454

	
1759

	
2065

	
1575

	
1890

	
2205




	
Kujawsko-pomorskie

	
1400

	
1678

	
1956

	
1518

	
1804

	
2090




	
Lubelskie

	
1311

	
2103

	
2895

	
1433

	
2297

	
3162




	
Lubuskie

	
283

	
397

	
511

	
272

	
388

	
504




	
Łódzkie

	
665

	
871

	
1076

	
920

	
1133

	
1346




	
Małopolskie

	
519

	
624

	
729

	
612

	
724

	
837




	
Mazowieckie

	
797

	
965

	
1134

	
802

	
983

	
1165




	
Opolskie

	
986

	
1388

	
1790

	
1094

	
1550

	
2006




	
Podkarpackie

	
203

	
345

	
486

	
158

	
296

	
435




	
Podlaskie

	
−864

	
−703

	
−542

	
−963

	
−793

	
−623




	
Pomorskie

	
1306

	
1462

	
1617

	
1471

	
1637

	
1802




	
Śląskie

	
581

	
665

	
750

	
603

	
698

	
794




	
Świętokrzyskie

	
294

	
378

	
462

	
325

	
417

	
508




	
Warmińsko-mazurskie

	
987

	
1218

	
1449

	
1148

	
1396

	
1644




	
Wielkopolskie

	
685

	
1500

	
2316

	
708

	
1522

	
2336




	
Zachodniopomorskie

	
1043

	
1316

	
1589

	
1079

	
1375

	
1672




	
Poland

	
11,467

	
13,887

	
16,307

	
11,798

	
14,337

	
16,875
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