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Abstract

:

The paper presents the possibility of managing forest and agricultural biomass for energy purposes in the aspect of environmental protection and sustainable development. The results of experimental studies of physicochemical properties of four types of plant biomass, i.e., a wheat straw, oat grains, larch needles and rapeseed pods are shown. The study consisted of determining the energy parameters in the form of gross and net calorific values of the test material. In addition, the ash and moisture content of the material was tested. Moreover, an elementary analysis for the tested materials by determining the content of carbon, hydrogen and nitrogen was performed. The studies have shown energy potential for the examined materials, in particular oat grains, where the gross calorific value amounted to 17.16 MJ·kg−1, net calorific value to 15.37 MJ·kg−1 and ash content to 2.71%. Larch needles are characterised by the highest carbon content of 45.73%, oat grains by hydrogen at 6.53%, 1.53% nitrogen and sulphur 0.11%. Determined emission rates indicate a reduction of 31–41% CO, 30–39% CO2, 22–55% NOx, 95–97% SO2, 47–97% dust depending on the type of used biomass in relation to hard coal.
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1. Introduction


One way of implementing the principles of sustainable development is the use of low-emission fuels. It is believed that biomass represents a source of low-emission fuels [1,2]. The entire energy contained in the biomass comes from the Sun and it is processed and retained in plants through photosynthesis. This energy can be used for very different purposes, including the production of heat by burning. Of course, when burning biomass, carbon dioxide and other pollutants are released, but it is a gas that has been absorbed into the primary growth of combusted biomass and that will be absorbed during the photosynthesis processes carried out by new plants [3,4,5]. Surely, the assumption that the total emission is zero would be a mistake, because the cultivation of plants used for biomass requires some energy expenditure. During activities such as the collection and transport of biomass, pollutants are released from the use of natural resources but the total emission index using biomass is many times lower than in the case of fossil fuels [6,7]. For the countries whose economy is based on natural resources it is a good idea to produce composite fuels from the combination of biomass and a fossil resource or to find solutions for transforming greenhouse gases into new energy carriers [8,9]. The above-mentioned fuel can be produced by mixing both the components and briquetting or torrefaction of the composite. This solution allows for reducing carbon dioxide emissions, thus being in line with the assumptions of eco-development and low-emission economy as well as the principles of sustainable development [10]. However, it should be remembered that the emissions generated during the combustion of fuels containing biomass are related both to the process parameters during combustion and the type of biomass that is used as biofuel [11,12,13]. The implementation of low-emission economy principles is a long-term process, requiring many new investments and thus involving significant financial outlays [14,15], which is why in the countries where energy is still produced mainly on the basis of burning minerals a good solution is the introduction of composite fuels consisting of both biomass and non-renewable fuels. The consumption of such fuel pollutes the environment to a lesser extent, thus contributing to the goals of a low-emission economy [6,16]. This approach contributes to achieving sustainable economic growth through the introduction of an energy policy that reduces dependence on fossil resources and minimises environmental damage [17]. The production of biofuels, in comparison with the use of conventional energy carriers based on minerals, is really beneficial for environmental, economic and energy security reasons [18]. The most important environmental benefits include a significant reduction of greenhouse gas emissions, primarily of methane and carbon dioxide, biomass biodegradability and thus no problem with the storage of toxic waste as well as the possibility of effective management of organic waste from various industry sectors [16,19]. Among the economic benefits the most important are: the activation of rural communities, impact on reducing unemployment through the creation of new jobs and increase in the wealth of farmers (the production is a completely new source of income). The co-products in the production of bioethanol may be used as animal feed, thus reducing the financial outlays for running farms [20]. Biomass production also entails increased investment in agriculture and farm modernization, which contributes to the improvement of production efficiency [21]. The use of biomass allows for a partial independence from energy supplies from imports, resulting in the energy sector decentralization and an increase in competitiveness among local suppliers, which is a favourable phenomenon from the point of view of energy security as well as the principles of sustainable development [9].



The aim of the research was to perform a physicochemical analysis of selected agricultural and forest biomasses and determination of the emission indicators for individual gases and dusts in terms of their availability for energy purposes and environmental protection in the aspect of sustainable development.




2. Materials and Methods


2.1. Biomass Sample


The object of research in the form of: larch needles, rapeseed pods, oat grain, wheat straw, were used as the reference biomass feedstock. The studied agro-biomass was obtained from farms plots in Lublin province (Poland) and the larch needles were obtained from a forest in the Jastków area (Lublin province, Jastków, Poland). The plants were harvested once in 2017. Agro-biomass in its various forms that is widely available in Poland was chosen for research. Larch needles were used in research due to the lack of detailed results in terms of energy use and emissivity of this material. In order to obtain homogeneous samples in research, ca. 1 kg portions of each biomass type were dried.




2.2. Physical Properties of Biomasses


The dried biomass samples were pulverised and ground (0.5 mm) in a laboratory grinder (IKA A 11, Warsaw, Poland) prior to analysis. The physical characteristics of biomass samples such as proximate, calorific values, carbon (C), hydrogen (H), nitrogen (N), sulphur (S) content and thermogravimetric (TG) analysis were obtained by using International Organization for Standardization (ISO) methods. The research was carried out at the Department of Power Engineering and Transportation of the University of Life Sciences in Lublin, Poland. Ten replications were performed for all measurements.



2.2.1. Proximate Analysis


In the test samples the moisture (W) was determined according to EN-ISO 18134-1:2015-11 [22] and the ash content (A) according to the EN-ISO 18122:2016-01 [23] using a thermogravimetric analyser (Leco TGA701, Saint Joseph, MO, USA). Determination of volatile matter (V) was based on the determination of loss on heating of the material for seven minutes under a nitrogen atmosphere at a temperature of 900 °C (EN-ISO 18123:2016-01 [24]). Samples were concurrently analysed, placing samples of approximately 1 g in net weight in ceramic melting pots, placed on a plate inside an incinerator. Samples were automatically weighed by the device, and ash content and water content were measured on the basis of the weight loss of the matter after it had been heated up when being strictly controlled in the conditions of ambient oxygen. The ambient oxygen and temperature of the incinerator was controlled automatically and steered by means of computer software (TGA 701 Series, Version 1.31 2013). W of the sample was computed in analytical terms in conformity with the EN-ISO 18134-2:2017 [25] standard, according to the following formula (Equation (1)):


W = (m1 − m2/m1 − m3) × 100,



(1)




where: W—moisture content in analytical terms (%), m1—weight of the pot containing the sample before drying (g), m2—weight of the pot containing the sample after drying (g), m3—weight of an empty pot (g).



Whereas A was measured in analytical terms in conformity with [23], according to the formula (Equation (2)):


A = (m3 − m1/m2 − m1) × 100,



(2)




where: A—ash content in a sample in analytical terms (%), m1—weight of a calcined pot (g), m2—weight of the pot containing a sample (g), m3—weight of a pot containing ash (g).




2.2.2. Calorific Value


The gross calorific value (GCV) and net calorific value (NCV) were determined in a static bomb calorimeter, a sealed Leco AC 600, using EN 14918:2010 [26] standard. Samples of 1.0 g were used for each analysis. A cotton thread was attached to the steel ignition wire and placed in contact with the sample. The bomb was filled with oxygen at 25 °C with 1.0 cm3 of water added to the bomb. The calorimeter was placed in an isothermal jacket with an air gap separation of 10 mm between all surfaces. The bomb calorimeter was submerged in a calorimeter cane filled with distilled water. The calorimeter jacket was maintained at constant temperature by circulating water at 25 °C.



Calculation of the sample NCV followed Equation (3):


Qi = Q − 24.42 × (W + 8.94 × H),



(3)




where: Qi—net calorific value (condensed water vapour contained in exhaust gases), Q—gross calorific value (non-condensed water vapour contained in exhaust gases) (GCV); 24.42—heat of water evaporation in standard conditions per 1% (m·m−1) of water formed during the combustion or present in the analysed sample, 8.94—coefficient of conversion of the hydrogen content into water, W—moisture content in the sample (%), and H—hydrogen content (%).




2.2.3. Combustible Solid Fractions (Fixed Carbon)


The content of other combustible solid fractions FC (%) was determined from the difference (Equation (4)):


FC = 100 − W − A − V,



(4)




where: W—moisture content (%), A—ash content (%), V—content of volatile matter (%).





2.3. Fuel Ratio


The fuel ratio (FR, %) was calculated according to Equation (5):


FR = FC/V,



(5)








2.4. CHNSO Analysis


In turn, the elemental analysis was carried out using a Leco CHNS 628 automated analyser in accordance with the EN-ISO 16948:2015-07 [27] and EN-ISO 16994:2016-10 [28] standards. It is comprised of the main unit and a module used for measuring coal, hydrogen, and nitrogen content as well as an analytical weighing machine and a computer with a software used for the process steering purposes. The process of measuring C, H, and N content was performed in the temperature of 950 °C. The matter of 0.1 g in net weight was weighed by means of the analytical weighing machine. Then it was placed in an air-tight aluminium foil in order to prevent from oxygen access. That sample was later placed in a carousel container and automatic measurements were made. C, H and N content were measured automatically by means of a computer software (CHNS 628 Series, Version 1.46 2013). The S content was analysed in separate module in the temperature of 1350 °C, placing a ceramic boat with 0.3 g in net weight of sample in combustion chamber. Oxygen (O) in the samples was determined using the indirect method specified in Equation (6):


O = 100 − C − H − N − S − W − A,



(6)




where: C, H, N, S, O—content of elemental carbon, hydrogen, nitrogen, sulphur, and oxygen in the fuel (%).




2.5. Determination of Emission Factors


The determination of emission levels of individual gases and dust was based on the factor’s emission method. The CO2 emission factor was calculated using the calculation method based on the carbon content and calorific value of fuels. The Equations (7)–(16) were used for the calculation the amount of emission of CO, CO2, NOx and SO2 [29]:


SO2: E = B × w × S,



(7)






NOx/CO/CO2: E = B × w,



(8)






Dust: E = B × w × A × 100/(100 − K),



(9)




where: E—amount of emission (kg), B—fuel consumption (Mg), S—sulphur content in fuel (%), A—ash content in fuel (%), K—combustible components content in dust (5% for biomass) (%), w—emission factor gas/dust.



The CO emission factor was calculated from Equation (10):


  C O =   28   12   ×  E c  ×  (  C _ C O / C  )  ,  



(10)




where: CO—carbon monoxide emission factor (kg·kg−1), 28/12—molar mass ratio of carbon monoxide and carbon, EC—emission factor of chemically pure coal (kg·kg−1), C_CO/C—part of the carbon emitted as CO (for biomass 0.06).



The emission factor of chemically pure coal was calculated according to the Equation (11):


   E c  = c ×  u c  ,  



(11)




where: c—carbon content in biomass in working condition (kg·kg−1), uc—part of carbon oxidised in the combustion process (for biomass 0.88).



The CO2 emission factor was calculated from Equation (12):


  C  O 2  =   44   12   ×  (   E c  −   12   28   × C O −   12   16   ×  E    C H  4    −   26.4   31.4   ×  E  N M V O C    )  ,  



(12)




where: CO2—carbon dioxide emission factor (kg·kg−1), 44/12—molar mass ratio of carbon dioxide and pure coal, 12/28—molar mass ratio of carbon dioxide and carbon monoxide, 12/16—molar mass ratio of carbon and methane, ECH4—methane emission factor, ENMVOC—emission index of non-methane VOCs (for biomass 0.009).



The methane emission factor was calculated according to Equation (13):


   E   C H  4   =   16   12   ×  E c  ×  (  C _ C  H 4  / C  )  ,  



(13)




where: ECH4—methane emission factor (kg·kg−1), 16/12—molar mass ratio of methane and coal, C_CH4/C—part of the carbon emitted as CH4 (for biomass 0.005).



The NOx emission factor was calculated from Equation (14):


  N  O x  =   46   14   ×  E c  × N / C ×  (  N _ N  O x  / N  )  ,  



(14)




where: NOx—NOx emission factor (kg·kg−1), 46/14—molar mass ratio of nitrogen dioxide to nitrogen. The molar mass of nitrogen dioxide is considered due to the fact that nitrogen oxide in the air oxidises very soon to nitrogen dioxide, N/C—nitrogen to carbon ratio in biomass, N_NOx/N—part of nitrogen emitted as NOx (for biomass 0.122).



The SO2 emission factor was determined according to Equation (15):


  S  O 2  =   2 S   100   ×  (  1 − r  )  ,  



(15)




where: SO2—sulphur dioxide emission factor (kg·kg−1), 2—molar mass ratio of SO2 and sulphur, S—sulphur content in fuel (%), r—coefficient determining the part of total sulphur retained in the ash.



Rising factor and dust emission factor Edust was calculated according to Equation (16):


   E  d u s t   = 1.5 × A ×   100   −    η 0    100   −   k   ,  



(16)




where: Edust—dust emission factor (kg·Mg−1), 1.5 × A—rising index, indicating the amount of dust formed during combustion (kg·Mg−1), 1.5—coefficient denoting 15% of the ashes rising in the form of volatile dust, A—ash content in fuel (%), η0—dust removal efficiency (for biomass 20%), k—content of flammable parts in the dust (for biomass 5%).




2.6. Statistical Analysis


The results underwent the statistical analysis conducted by means of the STATISTICA (data analysis software system) software (Version 13.1, Tulsa, OK, USA, 2016). The normality of distribution of the properties under consideration was checked by means of the Shapiro—Wilk compliance test. The impact of a certain matter upon the value of incineration GCV and NCV, A, V, C, H, N, S content was assessed by means of the ANOVA test. Homogeneity of variance was checked by Lavene’s test. In case of heterogeneity of variance, the F Welch test (Fw) was performed. The significance level of the diversity was also confirmed by means of the Tukey (HSD) test. All the statistical analyses were conducted at the significance level of α = 0.05.





3. Results


3.1. Results of Technical and Elemental Analysis


The research showed that in terms of calorific value the analysed biomass displayed different values (Table 1). The analysed biomass types exhibited similar technical parameters, as evidenced by similar the fuel ratio (FR). The low ratio suggests that the fuels were characterised by low content of combustible solids (FC) and high content of volatiles (V), which is characteristic for the biomass.



A comparison of the technical and elemental composition of the biofuels examined showed differences between biofuels, what shows i.e., different the oxygen content in biomass. Due to the lower coalification in relation to fossil fuels (hard coal), the examined biomass indicated the lower NCV. The highest NCV among the analysed raw materials was shown for oat grain and it was 9.5% higher than the lowest value for rapeseed pods. As to ash content (A), the lowest amount of ballast was recorded for larch needles whereas the highest A was recorded for rapeseed pods and it was 94.5% higher than in the case of larch needles. The analysis of volatile substances (V) showed the highest content of non-flammable substances in larch needles, followed by oat grain, wheat straw and rapeseed pods with the lowest content. It was found out that the level of V was different in all the tested raw materials and the maximum difference did not exceed 3.45%. However, high levels of V may also be an advantage for biomass. Fuels of this type are characterised by flame stability and improved ignition of the air-fuel mixture. Determination of solid carbon content (FC) and V allows for indicating the degree of ignition and gasification, or biomass oxidation, (the higher V, the lower A and easier ignition). It can also indicate the energy efficiency of the material (the higher the ratio of hydrogen and oxygen to carbon content the less energy can be produced, due to the fact that chemical bonds between carbon and hydrogen as well as carbon and oxygen are weaker than the bonds between carbon atoms). The carbon content (C) in the analysed raw materials was at a different level. The highest content of this element was found in larch needles, the lowest in rapeseed pods and the difference was 14.21%. The highest percentage of hydrogen (H) was recorded for oat grain, followed by larch needles, rapeseed pods and, with the lowest value, wheat straw. The difference between the highest and lowest hydrogen content was 13.9% in the raw materials tested. The highest share of nitrogen (N) in the analysed raw materials was determined for oat grain and larch needles. The lowest and thus the most agreeable contents of these elements were determined for rapeseed pods and wheat straw. As to sulphur, its highest content was recorded for rapeseed pods and it was 86.53% higher than the lowest content, found in wheat straw.



The ANOVA test proved that the kind of matter under consideration did have an impact indeed upon of all tested characteristics (Table 1). The Tukey HSD test proved that the properties under consideration are substantially diversified in those groups for the majority of the values of p < 0.05. The statistical analysis showed that there were significant differences between all the groups concerning the contents of C, N, S, O, A and V. In the case of GCV and NCV, no significant differences were found for larch needles and rapeseed pods as well as wheat straw and oat grains. As to GCV of oat grain, no significant differences were found in relation to wheat straw, larch needles or rapeseed pods. The Tukey HSD test did not show any significant differences in H only between the wheat straw and larch needles biomass. In other cases, significant differences in the content of this element were demonstrated.




3.2. Emission Factors


On the basis of technical and elementary analysis, using the factor’s method (Equations (7)–(16)), the assessment of CO, CO2, NOx, SO2 and dust emission indices was performed for the examined biomass. Table 2 shows the results of estimated emission factors for tested materials and hard coal.



It can be noticed that carbon monoxide emission levels were similar for all the raw materials. In the case of carbon dioxide, the highest emission rate was recorded for the biomass of larch needles, while the lowest for rapeseed pods and the difference was 14.21%. In relation to hard coal, the CO2 emission level was on average 40% lower for the biomass studied. However, it should be noted that in nature the CO2 cycle during biomass burning is closed. While analysing the NOx emissions among biomass of different origins, the highest was recorded for oat grain, while the lowest for wheat straw. In relation to hard coal, only oat grain showed a higher emission index. The use of the tested biomass as a fuel would reduce NOx emissions and the attempt to create composite fuels based on coal and biomass would greatly contribute to the reduction of emissions of nitrogen oxides to the environment. During the research larch needles showed the highest index of SO2 emissions. The lowest emission was recorded for rapeseed pods and it was over 95% lower in comparison to hard coal. High dust emission indices were recorded for wheat straw and rapeseed pods, although they were about 50% lower than in the case of hard coal. The lowest dust emission was demonstrated for larch needles, and was over 97% lower in relation to hard coal emission. In the case of the studied biomass sources only for nitrogen oxides there was an increase in their level per unit of energy in relation to hard coal (Table 3).



For the larch needles, the highest emission rates per unit of energy were observed for CO (25.1% lower than hard coal), CO2 (3.51% lower than hard coal), SO2 (69.4% lower than hard coal also for all biomass). The highest dust emission rate per unit of energy was determined for rapeseed pods and it was 37.72% lower than hard coal. The highest NOx emissions were reported for the oat grain (87.1% higher than hard coal).





4. Discussion


The search for new energy sources in terms of their neutral or minimal impact on the environment with high energy potential is an important element of sustainable development, in particular of the energy sector. In order to reduce the emission of gases generated during the combustion of fuels, such biofuels are sought that will reduce or eliminate emissions potentially dangerous and harmful for the natural environment, including man. The determination of emission indices also for biomass is quite significant due to the assumptions about its zero-emission. Very often in the literature on the subject one can encounter theses about the neutral impact of biomass in the combustion process on the natural environment, which is not entirely consistent with reality. The examined biomass showed a high energy potential in relation to other types of biofuels. Thus, it can be observed that, compared to other energy raw materials, the ones analysed here can contribute to increasing the diversification of energy in the fuel and energy balance of the economy as well as to the sustainable development of the renewable energy sector.



Li et al. [30] suggest that in order to alleviate contradictions between the economic development, energy and environment, it is necessary to find bioenergy technology that has the best potential for sustainable development. It should not be forgotten that flame combustion involves a quick reaction of oxygen with gases emitted from solid biomass fuel [31]. In the flame combustion, C, H, N and S are converted into highly oxidised gases, such as CO2, H2O, NOx and SO2, also, the majority of black (or elemental) carbon particles are produced. The presented factor’s emission method in determining the level of emissions of individual gases and dusts allows the assessment of the impact of biomass on the environment in its use for energy purposes without the need for analytical equipment. Thanks to this method, it is possible to easily determine the emissivity of biofuels, which is often omitted in assessing the suitability of biomass for energy purposes, which was done in this work.



On the basis of the estimated emission factors compared to the literature data, it can be pointed out that among the analysed biomass, the rapeseed pods in particular are characterised by low emissivity. Larch needles also deserve attention. The emission and energy evaluation of this material has not been widely discussed in the literature yet. It should be emphasised the relatively low emission intensity of this material in the dust range. The obtained results of CO and CO2 emissions for wheat straw were similar to those obtained by Zhang et al. [32]. Literature data show that much higher CO and CO2 emissivity in relation to the examined biomass has been recorded for rice straw and rapeseed straw, so the use of obtained biomass as an energy source in the energy industry may contribute to a significant reduction in greenhouse gas emissions. According to Cereceda-Balic et al. [33] similar levels of CO emissions for the tested materials can be seen in relation to Pinus radiata, Eucalyptus globulus, or Nothofagus obliqua, whereas much lower CO2 (30% on average) as well as SO2 (50% on average) emissions occur, which also confirms the pro-ecological advantages of studied material. A 50% reduction in SO2 emissions using wheat straw in relation to the above materials indicates this biofuel as low-emission and environmentally friendly. The studied biomass is characterised by high NOx emission indices, which coincides with the emission levels for straw pellets, sunflower stalk pellets, corn stalk pellets and wood pellets obtained by Krugly et al. [34], which is a disadvantage of these biofuels and excessive use of this type of biomass, may contribute to the formation of acid rain.



The presented emission rates indicate a reduction of 31–41% CO, 30–39% CO2, 22–55% NOx, 95–97%% SO2, 47–97% dust depending on the type of used biomass in relation to hard coal. Only in the case of oat grains, a NOx emission ratio increases by 24% in relation to hard coal. It should be noted that the use of agro and forest biomass as fuel significantly reduces the emission of harmful compounds to the natural environment. Hence, the possibility of developing this type of fuel gives real environmental benefits, which is very important for the environment. Table 4 presents literature data on physicochemical properties of selected biomass species.



When comparing C, H, N and S content for wheat straw, similar values have been reported, according to Li et al. [39], Maj [9] and McKendry [37], whereas in the case of oxygen content, according to McKendry’s [37] data, the difference is in the order of 90% and it is linked to a different moisture and ash content. Larch needles, on the other hand, have shown a high C content similar to acacia or Miscanthus which leads to low NCV and lower energy potential in relation to pine or rape straw. Wheat straw, oat grain or rapeseed pods have shown a lower content of coal than both wood and agricultural biomass. For rapeseed pods, the lowest carbon content, reaching even 24% of the difference in relation to pine and 5.5% in relation to rape straw, has been recorded [36]. When comparing the hydrogen content in the analysed biomass with the literature data, a similar level of content can be observed for most of the biomass kinds, both of the forest and agricultural origin. In contrast, in the case of nitrogen, oat grain is characterised by a similar content in relation to the sunflower husks, and wheat straw and rapeseed pods to rape straw. Noteworthy is the high nitrogen content in the larch needles, which is close to the nitrogen content in the acacia wood. Therefore, the use of larch needles in the power industry will lead to increased NOx emissions. The lowest sulphur content was recorded for wheat straw and it is at a comparable level for literature data. It should be emphasised that the sulphur content in rapeseed pods is high, compared to other biomass kinds, as it is about 80% higher than in rapeseed straw, wheat straw or Miscanthus and about 60% higher in relation to apple, cherry, plum or peach wood [40], hence the use of rapeseed pods in the energy industry may contribute to increased SO2 emissions in relation to the mentioned above biomass.



A similar content of volatile parts in the studied biomass was recorded as in the case of rape straw and pine wood in the literature on the subject. Noteworthy is the low content of volatile matter obtained for wheat straw by McKendry [37], as it is 14% lower than that shown in the studies. When comparing the V parameter for all the plants studied, one should notice a far lower content of volatile parts compared to acacia or Miscanthus, reaching about 15%, and to wheat straw, by 5%, according to McKendry [37]. In the case of fixed carbon (FC), the obtained indices are lower in the examined biomass from acacia, pine or Miscanthus by about 10% and comparable to sorgum, reed canary grass, wheat straw pellet, or tall fescue ecotype, according to Lalak et al. [41]. It should be noted that the gas-solid combustion reactions are slower than the gas-gas reactions and the high solid carbon content indicates that the coal will require a long burning time. In the studies the lowest ash content was found in larch needles and this is the content comparable to acacia and pine. The oat grain showed similar ballast contents in relation to the sunflower husk, Miscanthus [37,41], Virginia mallow pellets [42], or Rosa multiflora [43]. Similar values of ash content in relation to rapeseed pods and wheat straw were noted in the literature for Sudan grass, corn stover [44], reed canary grass, brome grass [41], and bean husk [45]. The analysed biomass is characterised by low ballast content and the associated low dust emission in relation fossil fuels, e.g., using larch needles as fuel leads to dust reduction by about 85% in relation to hard coal [29], what is undoubtedly a pro-environmental benefit when using this biofuel. Further research is needed to understand the different biomass feedstocks. This knowledge will allow the use of low-emission fuels in the energy sector or the use of composite fuels containing raw materials with low emission based on biomass.



According to McKendry et al. [37] the net calorific value for the wheat straw in their research was lower by 3.02 Mg·kg−1 than obtained in studies. It could be also noticed that analysed oat grains had gross calorific value of 2.37 Mg·kg−1 lower [46] and the similar net calorific value as determined by Magdziarz et al. [47]. By comparing the gross calorific value all the other materials from the literature it can be concluded that the highest value characterised the pine 19.2 Mg·kg−1 and it is the value of 2.04 Mg·kg−1 higher than the one obtained for the oat grains, which was the highest value in the studies. Both analysed materials of the wheat straw and larch needles are characterised by a gross calorific value at a similar level as rape straw. However, in the case of rapeseed pods the gross calorific value is the lowest among analysed materials. Currently, it is necessary to look for biofuels with high energy potential and with low-emission of gases and dust. Biomass meets the above criteria, however, it is not a homogenous fuel and in particular its application in the energy sector must be preceded by an assessment of the energy and ecological suitability of this type of energy carrier.




5. Conclusions


The examined biomass of forest and agricultural origin indicates both good energy properties and low emission potential. When comparing the examined biomass in terms of emissions to hard coal it was noticed that for practically all the tested raw materials the emission levels were much lower (except for NOx). On the basis of the study of literature and research carried out, the following conclusions can be drawn:




	
The highest calorific value in the research was recorded for oat grain 15.73 MJ·kg−1 and then for wheat straw, larch needles and rapeseed pods (14.25 MJ·kg−1). Research has shown that such a distribution is mainly related to the content of carbon in biomass. In addition, the examined biomass showed the FR indicator at a similar level, which allows to conclude on the similarity of the studied biofuels as well as the high content of volatile parts and low content of fixed coal.



	
The research showed that the analysed biomass had an ash content of 0.54% for larch needles up to 9.94% for rapeseed pods. Such ballast content allows for a positive evaluation of the examined biomass in the context of its use for energy purposes and contribution to sustainable development, combining the high energy potential of the tested materials with low emission levels.



	
Estimated emission factors for the studied biomass show lower emissions of 31–41% CO, 30–39% CO2, 22–55% NOx, 95–97% SO2 and 47–97% dust relative to hard coal. This provides the basis for a positive assessment of this kind of biomass as green fuel and confirms that the tested biofuels will be included in the assumptions of sustainable development.
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Table 1. Results of technical and elemental analysis of examined biomass.
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	Material
	Wheat Straw
	Oat Grain
	Larch Needles
	Rapeseed Pods
	F Test
	p-Value
	Fw Test
	pw-Value





	GCV ± Sx (MJ·kg−1)
	16.6a ± 0.00
	17.16ab ± 0.00
	16.83b ± 0.00
	15.48b ± 0.00
	7.71
	0.02
	-
	-



	NCV ± Sx (MJ·kg−1)
	15.32a ± 0.22
	15.73ab ± 0.00
	15.3b ± 0.00
	14.25b ± 0.00
	7.71
	0.02
	-
	-



	C ± Sx (%)
	41.04c ± 0.08
	41.86b ± 0.23
	45.73a ± 0.03
	39.23d ± 0.13
	871.47
	<0.01
	3616.17
	<0.01



	H ± Sx (%)
	5.59b ± 0.13
	6.53a ± 0.06
	5.81b ± 0.02
	5.62c ± 0.03
	90.7
	<0.01
	
	



	N ± Sx (%)
	0.52d ± 0.01
	1.53a ± 0.04
	0.91b ± 0.06
	0.61c ± 0.04
	376.37
	<0.01
	665.83
	<0.01



	S ± Sx (%)
	0.07d ± 0.00
	0.11b ± 0.00
	0.09c ± 0.00
	0.54a ± 0.00
	45.50
	<0.01
	-
	-



	O ± Sx (%)
	36.36a ± 011
	35.46b ± 0.31
	32.52c ± 0.10
	31.67d ± 0.48
	175.93
	<0.01
	-
	-



	W (%)
	8.05
	11.81
	14.41
	12.39
	-
	-
	-
	-



	A ± Sx (%)
	8.37b ± 0.23
	2.71c ± 0.02
	0.54d ± 0.02
	9.94a ± 0.34
	91797.3
	<0.01
	75079.1
	<0.01



	V ± Sx (%)
	68.65c ± 0.47
	69.71b ± 0.22
	71.72a ± 0.25
	68.27d ± 0.68
	70.13
	<0.01
	65.48
	<0.01



	FC (%)
	15.08a ± 0.47
	15.77a ± 0.24
	13.34b ± 0.24
	9.40c ± 0.39
	192.74
	<0.01
	156.61
	<0.01



	FR
	0.22
	0.23
	0.19
	0.14
	-
	-
	-
	-







GCV—gross calorific value, NCV—net calorific value, W—moisture content, A—ash content, V—volatile matter content, FC—combustible solid content, Sx—standard deviation; *—Significant value of the F test at significance level α = 0.05; a, b, c, d—Significant difference at the level of significance of α = 0.05; F—F test; Fw—Welch’s F test, pw—p-value for Welch’s F test.
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Table 2. Emission factors for analysed biomass and coal (in kg·Mg−1).
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	Material
	CO
	CO2
	NOx
	SO2
	EDust





	wheat straw
	50.57
	1238.24
	1.83
	0.14
	10.56



	oat grain
	51.58
	1262.98
	5.39
	0.16
	3.43



	larch needles
	56.34
	1379.53
	3.20
	0.18
	0.68



	rapeseed pods
	48.33
	1183.53
	2.16
	0.21
	12.56



	hard coal [29]
	82.01
	1969
	4.09
	5.2
	23.57
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Table 3. Gas-dust emission indices for biomass per unit of energy (in kg·GJ−1).
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	Material
	CO
	CO2
	NOx
	SO2
	EDust





	wheat straw
	2.87
	60.35
	0.10
	0.01
	0.60



	oat grain
	2.93
	61.76
	0.31
	0.01
	0.19



	larch needles
	3.20
	68.38
	0.18
	0.01
	0.04



	rapeseed pods
	2.75
	57.25
	0.12
	0.01
	0.71



	hard coal [29]
	3.83
	70.87
	0.04
	0.28
	1.14
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Table 4. Comparison of physicochemical properties of selected biomass species [35,36,37,38].
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	Parameters
	Acacia
	Pine
	Rape Straw
	Miscanthus
	Wheat Straw
	Sunflower Husk





	C (%)
	49.1
	51.2
	41.38
	46.30
	48.5
	43.87



	H (%)
	6.40
	6.77
	5.20
	5.93
	5.5
	6.29



	N (%)
	0.121
	0.0134
	0.57
	0.362
	0.3
	1.57



	S (%)
	0.01
	0
	0.11
	0.09
	0.1
	0.03



	O (%)
	44.38
	38.66
	38.24
	45.57
	3.9
	-



	V (%)
	82.26
	71.34
	68.85
	84.10
	59
	-



	A (%)
	0.22
	0.13
	4.98
	2.55
	4
	2.12



	FC (%)
	10.36
	5.68
	-
	6.77
	21
	-



	GCV (MJ·kg−1)
	18.1
	19.2
	16.71
	17.5
	17.3
	17.9



	NCV (MJ·kg−1)
	-
	-
	15.34
	-
	12.3
	16.27
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