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Abstract

:

This paper presents the results of the evaluation of the energy potential of waste from the process of drying corn grain in the form of corn cobs, damaged grains, corn grain husks, and mixtures of starting materials. A technical and elementary analysis was performed for the biomass under investigation. The elemental composition of ash and the tendencies for slagging and boiler slagging were determined, and the emission factors were estimated based on the elemental analysis performed. The tests showed the highest calorific value among the starting materials for corn cobs (CCs) (14.94 MJ·kg−1) and for the mixture of corn cobs with corn husk (CC–CH) (13.70 MJ·kg−1). The estimated emission factors were within ranges of 38.26–63.26 kg·Mg−1 for CO, 936–1549 kg·Mg−1 for CO2, 0.85–4.32 kg·Mg−1 for NOx, 0.91–1.03 kg·Mg−1 for SO2, and 3.88–54.31 kg·Mg−1 for dust. The research showed that the creation of mixtures from starting materials leads to materials with lower potential for negative environmental impact as well as a reduced risk of slagging and fouling of biomass boilers. However, taking into account all the parameters determined for the biomass under study, the highest energy potential was characteristic for corn cobs and the mixture of corn cobs with corn husk.
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1. Introduction


Continually growing concerns about the impact of fossil fuel use on climate change and the prospect of exhaustion have led to the need to look for cleaner energy production methods. The creation of new renewable fuels is driven mainly by the need to replace the main types of fossil fuels (coal, heating oil, and natural gas) as well as to dispose of post-production waste [1]. Biomass, which is a huge potential around the world, is one of the promising alternatives to fossil fuels [2]. All types of biomass should be considered as a potential source of renewable energy such as post-production waste generated in various industries including the agri-food industry. Their storage in landfills, due to the fact of high diversity, results in the loss of resources and environmental burden. Enterprises producing waste incur fees for its disposal which have to be accounted [3].



Agri-food processing also results in the creation of various types of residues. As a result of agricultural activity and agri-food industry, mainly organic residues of vegetable and animal origin with specific energy and nutrient properties are created [4].



More and more often, agri-food waste (biomass waste) is used in energy systems and chemical synthesis [5] which is a way to solve problems related to its management in accordance with the principles of sustainable development [6]. In this perspective, the production of energy from renewable sources will help in achieving the goals of sustainable development through access to clean, safe, reliable, and economically attractive energy [7].



Thermal treatment of waste means its use as fuel in the processes of combustion (oxidation), pyrolysis, gasification [8] or plasma process [9]. The improvement of energy efficiency through the thermal transformation of waste products is increasingly common around the world. The use of waste for the production of thermal energy [10] and electricity [11] mitigates the negative effects of climate change, depletion of fossil resources, and removal of industrial waste [12].



Organic waste (biomass) can be transformed into energy using thermochemical processes, the selection of which depends on the type and quantity of available material, the desired form of energy, the environmental regulations and economic conditions [13]. There is still a large amount of waste that has not been properly assessed as a substitute fuel for wood. However, elemental analysis is necessary to assess its potential, because the composition of lignocellulosic material is different for different species, varieties, parts of plants, and growing conditions [14].



In addition to biological and environmental elements, the composition of raw materials is also influenced by other factors such as harvest time and storage methods and conditions. The variability of lignocellulosic material creates problems when selecting or developing effective methods for its processing [15].



The research available in the literature indicates a high carbon content in waste biomass from agri-food processing which translates into its high calorific value. It was found that the carbon content in industrial tomato residues was 59.64% and HHV (higher heating value) 27.08 MJ⋅kg−1 (in dried mass) [16]; spent coffee ground: 53.05% and LHV (lower heating value) 18.8 MJ⋅kg−1 (with a moisture content around 15%) [17]; hazelnut and walnut husk: 46.28% and 48.29% and LHV 46.28 MJ⋅kg−1, respectively; sunflower husk: 49.23% and LHV 17.41 MJ⋅kg−1 (at a moisture content in the range 7.80–11.94%) [18]. A lower carbon content was found in selected fore crop plant species, from 29.11% to 39.34% and LHV from 9.64 to 12.99 MJ⋅kg−1; however, these crops may constitute an additional source of biomass intended also for energy purposes [19]. Investigations were also made on the pressure processes of the agglomeration of solid agri-food waste, as a result of which fuel was obtained in the form of pellets or briquettes of a fixed geometric form. Buckwheat hulls and potato pulp [20], oat bran and apple pomace [21], wheat straw and sugar beet molasses [22], para-rubber tree residues and oil palm [23] were successfully pelleted.



In addition to the benefits of using biomass as a fuel source, technical problems related to the inorganic part of biomass fuels should also be taken into account [10]. The main ash-forming components are easily released and react with other ash elements to form compounds with a low melting point, resulting in ash sintering, contamination, and high-temperature corrosion [24]. The growing interest in burning various types of biomass also requires research on the issue of emissions of toxic exhaust components which is indispensable from the point of view of health and environmental impact assessments. There is still considerable uncertainty in the assessment of the impact of pollutant emissions accompanying the combustion of biomass on air quality on a local scale [25]. This is caused not only by the lack of data on the amount of biomass burned, but also the lack of emission factors that would characterize real combustion. Only a comprehensive assessment of the parameters related to the use of various types of biomass for energy purposes, including post-production waste from agri-food industry, will allow to achieve the maximum biomass energy efficiency with the minimum effort necessary to obtain it and the maximum reduction of negative environmental impact.



Agricultural solid biomass has been widely recognized as an important source of renewable energy with huge production potential. Among other things, a huge energy potential was found in maize stalks [9,26]. In the process of obtaining biomass directly from corn for energy purposes [27], various types of waste [28] are created, which constitute a potential source of energy as indicated by References [10,29]. The use of corn for grain also leads to the production of several types of waste associated with the process of obtaining grain [30] and their further processing. Due to the high moisture content of the obtained grains, the drying process is of particular importance. Therefore, due to the large amount of waste biomass arising in the drying process of corn grain, which is a problem in the management and utilization by dryers, an attempt was made to evaluate the energy potential for these materials. Corn residues are problematic biowaste due to the fact of their low density and high operating costs related to management, transport, and storage. Nevertheless, corn waste is a valuable potential energy resource that can be used in both thermochemical and biochemical conversion processes. In previous research, the pyrolysis of corn cobs [31,32] and corn stalks [33] as well as their gasification [34] and combustion [35] was realized. Increasing the density of waste biomass through pressure agglomeration (pelleting, briquetting) allows its volume to be reduced and its properties as a solid biofuel to improve. Technical problems in the production of fuel granulates from post-production corn waste are presented in Reference [36]. However, there are no studies which describe the use of corn residue in relation to the complex challenges of their use as a renewable fuel. The energy characteristics of corn waste, emission factors, and slagging indicators are of utilitarian significance for their potential use for energy purposes. Therefore, the aim of this work was to determine the suitability of waste from the process of drying corn grain for energy purposes based on the characteristics of energy parameters and the assessment of estimated solid and gaseous emissions for this biomass.



The aim of the work was to determine the physiochemical properties of corn drying residues and their mixtures as a potential biofuel and as an alternative way to utilize organic waste from industrial dryers.




2. Materials and Methods


2.1. Material


This study covered 8 types of biomass which were the by-products from the process of corn kernels drying and mixtures of these materials in ratios of 4:1 v/v:




	
Corn Cobs (CCs)—the remains of corn cobs without grain (Figure 1a);



	
Corn Grains (CGs)—grain residues from the process of drying and cleaning corn kernels (Figure 1b);



	
Corn Husk (CH)—waste in the form of the husks of the corn grains (Figure 1c);



	
Corn Cobs and Corn Husk 4:1 v/v (CC–CH);



	
Corn Grains and Corn Cobs 4:1 v/v (CG–CC);



	
Corn Cobs and Corn Grains 4:1 v/v (CC–CG);



	
Corn Husk and Corn Grains 4:1 v/v (CH–CG);



	
Corn Husk and Corn Cobs 4:1 v/v (CH–CC);



	
Corn Grains and Corn Husk 4:1 v/v (CG–CH).








Mixtures were prepared in volume (v/v) relations due to the application nature of the research in the grain drying industry. This approach simplifies the process of preparing mixtures for other processes (e.g., compaction) and reduces the need to weigh the material for biofuel preparation. The use of a mass ratio would require in-preparation of the fuel based on the tested materials to use additional work, which would increase the cost-effectiveness of waste utilization.



The creation of the mixtures of starting materials was aimed at determining the optimal composition of biofuels with high energy potential, low solid and gas emissions as well as good combustible properties in biomass boilers. The materials were obtained from a cereal dryer from the Lublin Province, Poland, and it came from the 2018 harvest 2018.




2.2. Experimental Procedures


The research material was prepared in accordance with EN-ISO 14780. The mixtures were prepared using a universal mixer, mixing appropriate proportions of starting materials for 2 min. The recovered material was ground in an analytical mill (IKA A11, IKA-Werke GmbH & Co. KG, Staufen, Germany). The material was milled from 0.5 to 1 mm fraction. A scheme of the experimental procedure is shown in Figure 2.



The quality of the analytical results regarding their accuracy was verified using standard certified materials. In order to obtain accurate and stable experimental data, each experiment was repeated at least three times.




2.3. Proximate Analysis


The determination of moisture content (M) was carried out by the thermogravimetric method in accordance with the requirements of EN ISO 18134, volatile compounds (V) EN ISO 18123, ash (A) EN ISO 18122 using a LECO TGA 701 thermogravimeter (LECO Corporation, Saint Joseph, MI, USA). The higher heating value (HHV) was determined using a LECO AC 600 isoperibolic calorimeter (LECO Corporation, Saint Joseph, MI, USA) according to EN-ISO 1928. The lower heating value (LHV) was calculated on the basis of combustion heat. The determinations were carried out on dry samples.




2.4. Ultimate Analysis


The carbon, hydrogen, nitrogen, and sulfur contents were determined using a LECO CHNS 628 elemental analyzer (LECO Corporation, Saint Joseph, MI, USA). The bound carbon content (FC) was defined as shares up to 100%. The elemental composition (i.e., C, H, N, S) of the flammable substance was determined in dry samples.



The content of carbon, hydrogen, and nitrogen in the dry biomass was determined by instrumental methods (C and H by high-temperature combustion with IR detection, N by means of the katharometer method) according to EN-ISO 16948; 0.1 g of material was weighed according to the analysis requirements. The sulfur content was determined by the high-temperature combustion method with IR detection in accordance with EN-ISO 16994 in which 0.3 g of material was weighed. The oxygen content (O) was added as shares up to 100%. The fuel ratio (FR) was defined as the ratio of fixed carbon (FC) to volatile content (V).




2.5. Emission Factors


Emission levels for individual materials were estimated on the basis of the indicator method of emission estimation [37]. Equations (1)–(10) [38] were used to estimate the volume of individual emissions.







	SO2:
	

  E = B ⋅ w ⋅ S  



(1)







	NO2/CO/CO2:
	

  E = B ⋅ w  



(2)







	Dust:
	

  E = B ⋅ w ⋅ A ⋅ 100 /  (  100 − K  )   



(3)









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



The determination of CO emission factor (kg·kg−1) was determined using Equation (4):


  CO =   28   12   ⋅  E c  ⋅  (  C _ CO / C  )   



(4)




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



The chemically pure coal index (kg·kg−1) was estimated with Equation (5):


   E c  = c ⋅  u c   



(5)




where: uc—part of carbon oxidized in the combustion process (biomass = 0.88).



To estimate the CO2 emission factor (kg·kg−1), Equation (6) was used:


    CO  2  =   44   12   ⋅  (   E c  −   12   28   ⋅ CO −   12   16    E  CH 4   −   26.4   31.4   ⋅  E  NMVOC    )   



(6)




where: 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 (biomass = 0.009).



The CH4 emission factor (kg·kg−1) was estimated with Equation (7):


   E  CH 4   =   16   12   ⋅  E c  ⋅  (  C _   CH  4  / C  )   



(7)




where: 16/12—molar mass ratio of methane and coal, C_CH4/C—part of the carbon emitted as CH4 (biomass = 0.005).



Equation (8) allowed the estimation of NOx emissions factor (kg·kg−1):


    NO  x  =   46   14   ⋅  E c  ⋅ N / C ⋅  (  N _   NO  x  / N  )   



(8)




where: 46/14—molar mass ratio of nitrogen dioxide to nitrogen, N/C—nitrogen to carbon ratio in biomass, N_NOx/N—part of nitrogen emitted as NOx (biomass = 0.122).



The sulfur dioxide emission factor (kg·kg−1) was estimated according to Equation (9):


    SO  2  =   2 S   100   ⋅  (  1 − r  )   



(9)




where: 2—molar mass ratio of SO2 and sulfur, S—sulfur content in fuel (%), r—coefficient determining the part of total sulfur retained in the ash.



Rising factor and dust emission factor Edust (kg·Mg−1) was calculated according to Equation (10):


   E  dust   = 1.5 ⋅ A ⋅   100 −  η 0    100 − k    



(10)




where: 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 (biomass = 20%), k—content of flammable parts in the dust (biomass = 5%).




2.6. Ash Chemical Composition


Thermogravimetry was used to incinerate biomass samples. Approximately 2 g of biomass was put into the ceramic crucible which was heated from ambient temperature to the incineration temperature (550 °C) at the heating rate of 10 °C·min−1 in the air stream. The heated samples were then kept at the incineration temperature for 4 h. After lowering the temperature to about 100 °C, the ash was removed and placed in a desiccator, then cooled to ambient temperature. The prepared ash was dosed directly into the measuring cups of the device and analyzed. The content of the oxides of the elements in the ash was determined using the EDXRF method using a NEX QC+QuantEZ elemental analyzer (RIGAKU Americas Holding Company, Inc., Austin, TX, USA). The obtained oscillograms were directly analyzed by the camera’s software. The content of silicon as SiO2, iron as Fe2O3, aluminum as Al2O3, calcium as CaO, magnesium as MgO, phosphorus as P2O5, sodium as Na2O, potassium as K2O, and titanium as Ti2O were determined in ashes.




2.7. Slagging and Fouling Indicators


Based on the ash chemical composition expressed as major oxides, the ultimate and proximate analysis was conducted, and the ash slagging and pollution indices were computed according to the correlations (Equations (11)–(17)) referred to in related papers [39,40]:




	(a)

	
Base to Acid Index (Rb/a):


   R  b / a   =     Fe  2   O 3       +   CaO   +   MgO   +   Na   2     O   +   K   2  O     SiO  2       +   Al   2   O 3     



(11)








	(b)

	
Slagging Index (Sulfur Ratio) (Rs):


   R s  =  R  b / a   ⋅  S d   



(12)




where: Sd—percentage of S in dry fuel.




	(c)

	
Fouling Ratio (Fu):


   Fu =   R  b / a   ⋅  (    Na  2     O   +   K   2  O  )   



(13)








	(d)

	
Alkali Index (AI):


  AI =    (   K 2     O   +   Na   2  O  )  ⋅ A   HHV    



(14)




where: A—the percentage of ash obtained at 550 °C; HHV—higher heating value (MJ·kg−1).




	(e)

	
Sintering Index (SI):


  SI =    CaO   +   MgO      Na  2     O   +   K   2  O    



(15)








	(f)

	
Iron-to-Calcium Ratio (IC):


  IC =     Fe  2   O 3    CaO    



(16)








	(g)

	
Slag Viscosity Index (Sr):


  Sr =     SiO  2  ⋅ 100     SiO  2       +   Fe   2   O   3       +   CaO   +   MgO     



(17)













Table 1 presents the ranges of indicators determining the risk level for slagging and ash tracking, according to the data in the literature, based on Equations (11)–(17) presented above.



Depending on the obtained values of tendency to track and slag ash from the examined biomass, the risk was marked as extremely high (E), high (H), medium (M), and low (L).




2.8. Statistical Analysis


The test results were statistically analyzed using Statistica 13 software (Dell Inc. (2016), Dell Statistica (data analysis software system) version 13. Tulsa, OK, USA). The Shapiro–Wilk compliance test checked the normality of the distribution of the examined features. Using the ANOVA test (Fisher-Snedecor distribution), the influence of the type of material on the obtained heat of combustion and calorific values, ash content, volatile substances, levels of C, H, N, and S content of elements in ash and emission factors were tested. The Levene test was used to determine the homogeneity of variance. The Tukey test (HSD) determined the significant differences among the examined groups of features (small letters in the rows in the tables show significant differences among features in the group). To illustrate the estimated emission factors, box-plots charts were used. All statistical analyses were performed at the significance level of α = 0.05.





3. Results and Discussion


3.1. Proximate and Ultimate Analysis of the Tested Biomass


The suitability of by-products from the agri-food industry for energy use depends on the chemical and physical properties of the biomass. Individual types of tested materials differed not only in properties, but also in the amount of chemical substances contained. Determination of the chemical composition of the waste from drying corn grain allows for comparison with other types of biomass. However, it should be noted that biomass as plant material is not a chemically homogeneous substance, and even a systematic analysis does not allow for a complete assessment of its technical usefulness. Table 2 summarizes the results of the technical-elemental analysis of the tested raw materials (calorific value and heat of combustion, moisture content, ash, volatiles as well as the content of carbon, hydrogen, nitrogen, and sulfur).



The results obtained for CH and its mixtures were different than those quoted in the literature for similar materials. This situation was a result of the testing waste materials obtained from the grain drying process and not clean materials. It should be noted that the data given in the literature refer to purified materials; however, the purpose of the work was to indicate the energy potential of the waste material found in dryers in real conditions. Material purification would be expensive and would not reflect the actual properties of the biomass being tested.



The moisture content of the tested raw materials varied and ranged from 7.83% to 12.91%. At the same time, it should be noted that it was not high, considering the suitability of the tested biomass for combustion as these values (below 20%) predestine materials as solid biofuels. According to Reference [38,39], waste in which the ash content is below 60%, the content of organic parts above 40%, and moisture content below 50% incinerate autonomously. At the same time, it is expected that the higher the content of organic (combustible) substances and the lower the ash and moisture content, the higher the calorific value [42].



Comparison of the calorific value (LHV) of the tested raw materials showed that the values of this parameter were very diverse and ranged from 9.69 MJ⋅kg−1 for CH to 14.94 MJ⋅kg−1 for CCs, and on average they amounted to 12.69 MJ⋅kg−1. This value was much lower than the calorific value of wood and also lower than the calorific value of agrobiomass. In Reference [43], the average calorific value for coniferous wood was 20.24 MJ⋅kg−1, and References [44,45] state the calorific value of hardwood in the range of 18.7–19 MJ⋅kg−1. High calorific value was also found for agri-food by-products in the form of walnut husk, hazelnut husk, and sunflower husk (17.4–19.13 MJ⋅kg−1) [21], coffee grounds (18.5 MJ⋅kg−1) [17], and (20.5 MJ⋅kg−1) [46], and post-production tomato residues (19.5 MJ⋅kg−1) [47] and waste from palm oil production (shells and palm fibers) (16.38 MJ⋅kg−1) [48]. On the other hand, energy plant biomass [49] and agrobiomass [50] have a similar calorific value (15.6–18.3 MJ⋅kg−1).



The ash content in the tested biomass ranged from 5.12% in CG to 31.11% in CH. It was also high in several other cases (CH–CG 22.62%, CH–CC 16.03%) and deviated from the average content in other types of biomass. The average ash content in various types of by-products from the agri-food industry is 5%, and in the agrobiomass and biomass of herbaceous plants, 5.7%, with the average content in all types of biomass 6.8% [51].



The volatile matter content ranged from 49.98% in CH to 69.24% in CCs. As stated in Reference [51], which is a review of the research results on the chemical composition of biomass, the average content of volatiles in various types of by-products from the agri-food industry is 74%, in agrobiomass and biomass of herbaceous plants 75.2%, with a very similar average content in all biomass types at 75.4%.



Due to the fact that the amount and type of pollution generated in the biomass combustion process depend not only on process factors but also on the type of biomass burned [52], it is important to know its elemental composition [53]. It affects the emissions resulting from their combustion and also their use in stoves and boilers [54]. The content of carbon, hydrogen, nitrogen, and sulfur in the tested raw materials did not differ from the content of these elements in other types of biomass. The carbon content ranged from 31.06% in CH to 48.51% in CCs. As stated in Reference [55], the carbon content in various types of biomass ranges from 38.45% in rice straw to 57% in birch bark. The average carbon content in various types of by-products from the agri-food industry is 50.2%. In agrobiomass and biomass of herbaceous plants it is 49.9% with an average content in all biomass types of 51.3% [51].



The obtained level of hydrogen content ranged from 3.63% in CH to 6.39% in CG. The content of hydrogen in biomass varies and ranges from 3.2% in waste from pepper production to 10.2% in tamarack bark [55]. The average hydrogen content in various types of by-products from the agri-food industry is 6.3%. In agrobiomass and biomass of herbaceous plants it is 6.2% with an average content in all biomass types of 6.3% [51].



The nitrogen content ranged from 0.29% in CCs to 1.34% in CG. The nitrogen content in biomass is small and ranges from 0.1% in wood sawdust and rice husk to 1.6% in olive husk [55]. The average content of nitrogen in various types of by-products from the agri-food industry is 1.4%, while in agrobiomass and biomass of herbaceous plants it is 1.2% with the same average content in all types of biomass [51].



The sulfur content in the tested biomass was similar. It ranged from 0.45% in the CH–CG mix to 0.52% in the CCs. In general, the sulfur content of biomass was low, ranging from 0% in spruce wood and hazelnut shell to 0.6% in pepper waste [55]. The average sulfur content in various types of by-products from the agri-food industry is 0.16%. In the agrobiomass and biomass of herbaceous plants it is 0.15% with an average content in all biomass types of 0.19% [51]. It should be noted that the sulfur content of a biofuel is a very important parameter and should be systematically monitored, because the level of SO2 emission depends on the sulfur turnover in the fuel burned. The higher it is, the higher the SO2 charge introduced into the environment.



Based on the fuel indicator (FR), it can be concluded that the tested kinds of biomass differ from one another other as a potential fuel. This indicator ranges from 0.19–0.39. Such a differentiation of the fuel indicator allows us to state that CH and the mixture of CH and damaged corn grains (CH–CG) are the materials with low energy potential. In contrast, the mixture of corn cobs with corn husk (CC–CH) and the mixtures of corn grain with corn husk (CG–CH) deserve special attention.



The statistical analysis showed the effect of the type of material on all the tested characteristics except for oxygen content. Statistically significant differences among the groups were noted, in particular for CG.




3.2. Emission Factors


It should be noted that the use of waste biomass from the drying process of grain for energy purposes can be included in the last phase of the life cycle of primary biomass. By using this type of waste as a biofuel, we gain a life cycle closure for corn grain. Wholesome grain goes to feed or consumer use, while waste generated from the treatment of this material can be used for energy purposes which is indicated in this work. Therefore, it is necessary to determine the degree of emissions for the use of waste biomass from the corn grain drying process for energy purposes, as it is an additional element outside the primary life cycle of the product (i.e., consumer or feed) which in waste does not participate.



Figure 3 and Figure 4 present the estimated emission factors (Equations (1)–(10)) for the tested biomass per unit of mass and energy.



The indicator method using technical and elemental analysis for the tested biomass allowed the estimation of emission factors in the field of CO, CO2, NOx, SO2, and dust. Data analysis indicates that carbon monoxide emission levels were different for the tested raw materials (38–63 kg·Mg−1). In the case of carbon dioxide, the highest emission rate was recorded for the CC–CH mixture, while the lowest was recorded for CH with a difference of up to 60.4%.



Analyzing the NOx emission for the tested biomass, the highest emission was observed for the CG, while the lowest (5 times lower) for CC corn cobs. Research has shown that CC, CG, CG–CC mix, and CC–CH mix had the highest SO2 emission rates. The lowest emission was found for the CH–CG mixture and it was 10% lower compared to the highest one. High dust emission rates were determined for CH and its mixtures due to the high ash content obtained in this raw material. The lowest dust emission was shown for CG, and it was over six times lower than the emission for CH. Comparing the emission factors obtained with reference to the literature [56], it should be noted that, for the tested biomass, most indicators were at a similar level as compared to other types of biomass. Only in the scope of sulfur oxides, were higher emission and dust rates recorded for CH as well as its mixtures.



The statistical analysis of the emission factors showed the impact of the type of material on the volume of emissions in all cases studied. Noteworthy was the dust emission index for CH and husk mixtures. Such high values for this indicator somewhat eliminate this type of material as a potential biofuel in the energy sector. The very low NOx and dust emission index estimated for CC should be considered positive which, in turn, indicates the pro-environmental properties of this type of biomass. For emission factors per unit of energy, a particularly significant difference should be noted for CH.




3.3. Ash Chemical Composition


Two basic aspects related to biomass combustion are the extension and improvement of basic knowledge on the composition and properties of biomass ashes and the use of this knowledge for innovative and sustainable use [57]. Inorganic matter and some elements forming ash from biomass can cause numerous technological and environmental problems during biomass processing [58].



The composition and properties of biomass depend on many factors: the type of biomass, the method and time of its transport and storage as well as the combustion technology used. Herbaceous plant biomass and agricultural biomass usually have a higher ash content than woody biomass, because this type of biomass is characterized by diverse biodiversity and organic structure, rapid metabolism, and it consumes much more nutrients during growth periods [59]. The chemical composition of biomass ash is an important feature that allows for the assessment of the behavior of elements during the combustion and use of ash.



The content of Si, Al, Ti, Fe, Na, K, Ca, Mg, and P in the tested ashes, expressed in the form of oxides, referring to the percentage of dry ash content and normalized to 100%, is presented in Table 3. The tested materials were characterized by a very diverse ash composition. A very high content of SiO2 silica was found at the same time with a wide variation in its content from 10.14% in ash from CG to 64.93% in ash from the CH–CC mixture. Also, the content presented in Reference [59] is within wide limits. The SiO2 content in CC ash is 36.95%, the average content in ashes from various seeds is 25.40%, the average content in herb and agricultural biomass ashes 33.09%, with the average content in ashes from all types of biomass at 29.41%.



A large variation was also found for K2O, from 2.94% in corn grain ash to 31.13% in CC ash. Vassiliev et al. [59] state that the content of this oxide in the corn cob ash is at the level of 47.92%, the average content in the ashes of herbal and agricultural biomass at the level of 26.81%, with the average content in the ash of all types of biomass at 17.13%. In addition, it is pointed out that the unusually high concentration of K2O is characteristic of corn cob ash [10].



The level of P2O5 content was from 4.32% in corn grain ash CG to 10.9% in corn husk ash. According to the literature, the content of P2O5 [59] is 4.86% in corn cob ash, the average content in the husk of various seeds is 3.69%, the average content in ashes from herb and agricultural biomass is 6.30%, with the average content in ashes from all types of biomass at 5.56%. It should be kept in mind that a significant amount of P can be supplied in agricultural and herbaceous biomass by natural P fertilizers such as wood ash [60] or minerals (hydroxylapatite) [61].



A large variation in the CaO content in the tested materials was found, 1.36% in ash from corn grain to 14.27 in ash from corn husk. According to the literature, the content of CaO in corn cob ash is 2.14%, the average content in the ashes of husks of various plants is 18.63%, the average content in the ashes of herb and agricultural biomass is 14.82%, and the average content in the ashes of all types of biomass is 25.86% [59]. An extremely low CaO content is typical for corn cob ashes. Nevertheless, significant amounts of Ca can be supplied in agricultural and herbaceous biomass by P fertilizers (hydroxylapatite) [40].



On the other hand, the Na2O content in the ashes of the examined raw materials ranged from 0.21% in the corn husk ash to 2.24% in the ash from corn cobs. It was a value close to that reported in the literature [59] which was 0.28% for corn cob ash. The average density in the ashes of various seeds was 5.74%, and the average density in the ashes from the herb and agricultural biomass was 2.78% with the average density in the ashes of all types of biomass at 2.63%. A very low Na2O content is typical for corn straw and rapeseed ashes.



The smallest differentiation among the examined materials was characteristic of the contents of Fe2O3, MgO, and TiO2. The MgO content ranged from 0.08% in ash of the CH–CG mix to 0.82% in CG ash. The content of this oxide given in the literature [59] is significantly higher and amounts to 1.99% in corn cob ashes, 5.52% in ashes from various seeds, and 5.69% in ashes from herbal and agricultural biomass with an average content of the ashes from all types of biomass at 5.77%.



The percentage of TiO2 was not high (similar to MgO, below 1%) and ranged from 0.35% in ash from CC to 0.58% in ash from CH. The content in corn cob ashes from Reference [59] is at the level of 0.06%, the average content in the husk of various seeds is 0.14%, the average content in ashes from herb and agricultural biomass is 0.22%, and the average content in ashes from all types of biomass is 0.57%.



The ash composition of the mixtures of the tested materials resulted from the content of the dominant component. Due to the dominant SiO2 content in ash from CH, the dominant component of this material mixture was silica, while in the case of the mixture with corn cobs (CH–CC), an enrichment of 64.93% was found, and in the case of the mixture with corn grain (CH–CG), SiO2 content reduced to 48.85%. Similar changes were noted in the case of the corn grains mixtures. In corn cob ash, K2O dominated and, therefore, in the mixture with corn grains (CG–CC), this component was dominant, while in the CC–CH mixture, there was enrichment in SiO2 and this component became the dominant.



From the point of view of biomass combustion for energy purposes, the high content of K and Ca is unfavorable because they easily react with other elements (e.g., Si) to form alkali with very low melting points (approximately 700 °C). Increased K content may increase the slag potential of deposits [62].




3.4. Slagging and Fouling Indicators


On the basis of Equations (11)–(17), the slag indicators for the analyzed biomass were determined (Table 4), the degree of slag hazard and slagging was determined based on the levels of the values of the indicators listed in Table 1.



Ash deposits generated during biomass combustion worsen the combustion process and heat exchange, cause high temperature corrosion, and may cause mechanical failure of the boiler. Predicting the behavior of ash during biomass combustion is essential for the proper operation of boilers. The most commonly used method for predicting ash behavior is the method of slag indices based on ash composition [63].



Acidic ash components such as SiO2, Al2O3, and TiO2 generally lead to a high ash melting point. However, basic oxides such as Fe2O3, CaO, MgO, Na2O, and K2O give low ash melting points. Therefore, higher Rb/a values generally lead to an increased risk of slag formation in the biomass combustion process. The high Rb/a index for CC corn ash resulting from the high content of K2O and CaO indicates a very high potential slagging for this material. Also, mixtures of this material showed a high propensity for slagging. Other materials have a lower content of basic oxides; hence, their Rb/a ratios are considered low.



Alkalis play an important role in fuel ash issues, potentially reacting with Si to form low temperature melting alkali metal silicates or by reacting with S and Cl to form alkali metal sulphates or chlorides on heat exchange surfaces, respectively. The Alkaline Index (AI), expressing the amount of alkali oxides in a fuel per unit of fuel energy, is a commonly used threshold indicator for fouling. The calculated AI was, for most materials, above the 0.34 threshold except for CG and its mixture with corn husk (CG–CH). This may indicate that these materials contained a sufficient amount of alkali for the ashes to melt during combustion and/or the compounds to evaporate and condense on the boiler exchangers. Therefore, a high risk of slagging is expected for these materials.



The estimated Fu values for corn cobs were extremely high, and mixtures containing this material (CC–CH, CC–CG, CG–CC) gave a high risk. Other materials were estimated at a low level.



Another important parameter is the Fe/Ca ratio expressed by the IC index. The fluidizing action between iron and calcium is a complex phenomenon. Usually at a low Fe2O3/CaO ratio, the tracing potential decreases. Above the 0.3 threshold, indicating high risk of slagging, were corn gain and the CG–CH mixture.



Due to the low sulfur content in the tested biomass, the Rs index indicates a low tendency to slag with the exception of CC, just like the Sr index which also gave the average value of CC only. In the case of the SI index, all the materials had a low value.



Taking into account the three most commonly used indicators to predict ash behavior, i.e., Rb/a, I, and Fu, CC and the mixtures of this material (CC–CH, CC–CG) will pose the greatest risk during combustion. Corn grain and its mixtures (CG–CC, CG–CH) showed a medium risk of slagging and fouling. Corn husk and its mixtures (CH–CC, CH–CG) showed the least potential problems.



However, it should be kept in mind that the indicators set do not provide fully reliable information on the growth rate of deposits on boilers, as they depend only on the chemical composition of biomass. In addition, even with regard to a specific biomass, the soil conditions, harvest periods, and different parts of biomass may affect the varying amount and chemical composition of ash [64].





4. Conclusions


The need to diversify energy sources forces the search for new energy carriers through which we strive to replace fossil fuels with alternative fuels. By-products of the agri-food industry often pose a problem related to the costs of their disposal and storage, and at the same time they can be a potential biofuel.



Analysis of the results obtained shows that, among the three materials tested, CC have the highest energy potential which is indicated by both the lower heating value of 14.94 MJ⋅kg−1 as well as the ash content of 5.64% and low emission of toxic exhaust components. Slag indicators, however, indicate the possibility of a burning problem in boilers. The lowest energy potential was shown by CH. This material had the lowest lower heating value of 9.69 MJ⋅kg−1 and a very high ash content of 31.11%, which results in a high rate of dust emission factor at 39 kg·Mg−1. For a comprehensive management of corn drying waste, the possibility of using these materials in mixtures were tested. Analysis of the six prepared mixtures showed that mixing materials with unfavorable indicators with materials with the best factors allowed to obtain biofuels with medium or good energy potential. This is illustrated by the example of a mixture of corn cobs with corn grains (CC–CG). This mixture obtained a lower heating value of 13.70 MJ⋅kg−1 and an ash content of 5.82%, while obtaining a moderate tendency to slag and fouling with good emission factors. However, mixtures with a predominant husk content (CH) did not allow for the obtention of material with satisfactory energy parameters. For those mixtures, the ash content remained high: CH–CG—22.62% and CH–CC—16.03%, with the lowest LHVs of 10.19 MJ⋅kg−1 and 13.09 MJ⋅kg−1, respectively.



During the drying process of corn grain, considerable amounts of organic waste are generated in the form of damaged grains, husks, and cobs. The conducted research indicates that biowaste in the form of corn cobs can be a potential biofuel. The use of grain and husk as admixtures to this biofuel will allow full management of waste while maintaining the energy parameters of the fuel. The use of this type of biomass for energy purposes is justified and can complement the energy balance of the dryer, serving as an energy carrier for the drying medium.



Just like with any research, especially those empirical in nature, the analysis presented in this article has its limitations. The research was limited to mixtures of one proportion only. However, promising results point to the need for further research. The determination of the slag propensity and fouling was based only on indicators and this will require experimental confirmation. Further research will aim to determine the optimal biofuel obtained from corn drying residues with a high energy potential and low environmental impact. Consideration should also be given to the possibility of compacting the raw materials for easier application in combustion systems. This approach contributes to effective use of waste generated in the process of drying corn.
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Figure 1. Material used in the study before mixing: (a) corn cobs (CCs), (b) corn grains (CGs), (c) corn husks (CHs). 
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Figure 2. Scheme of the experiment procedure. 
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Figure 3. Emission factors for the tested materials (kg·Mg−1 dry mass): (a) CO; (b) CO2; (c) NOx; (d) SO2; (e) dust. 
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Figure 4. Emission factors per energy unit for the tested materials (kg·GJ−1 dry mass): (a) CO; (b) CO2; (c) NOx; (d) SO2; (e) dust. 






Figure 4. Emission factors per energy unit for the tested materials (kg·GJ−1 dry mass): (a) CO; (b) CO2; (c) NOx; (d) SO2; (e) dust.



[image: Energies 12 04383 g004]







[image: Table] 





Table 1. Relationships between indicator values and levels of slagging and fouling tendencies [41].
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Index

	
Range

	
Slagging and Fouling Inclinations






	
Rb/a

	
<0.5

	
Low




	
0.5–1

	
Medium




	
1–1.75

	
High




	
>1.75

	
Extremely high




	
Rs

	
<0.6

	
Low




	
0.6–2

	
Medium




	
2–2.6

	
High




	
>2.6

	
Extremely high




	
AI

	
<0.17

	
Low




	
0.17–0.34

	
Medium




	
>0.34

	
High




	
SI

	
>0.6

	
Low




	
0.6–2

	
Medium




	
<2

	
High




	
IC

	
<0.3

	
Low




	
0.3–3

	
High




	
Sr

	
>72

	
Low




	
65–72

	
Medium




	
<65

	
High




	
Fu

	
<0.6

	
Low




	
0.6–40

	
High




	
>40

	
Extremely high
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Table 2. Results of the technical and elemental analysis of the tested biomass (dry mass).






Table 2. Results of the technical and elemental analysis of the tested biomass (dry mass).





	
Parameter

	
Material

	
F




	
CC

	
CG

	
CH

	
CC–CG

	
CG–CC

	
CC–CH

	
CH–CG

	
CH–CC

	
CG–CH






	
LHV (MJ·kg−1) ± Sx

	
14.94 ± 0.01 d

	
13.23 ± 0.17 b,c

	
9.69 ± 0.09 a

	
13.70 ± 0.04 c

	
13.36 ± 0.04 b,c

	
13.07 ± 0.64 b,c

	
10.19 ± 0.06 a

	
13.09 ± 0.01 b,c

	
12.90 ± 0.01 b

	
165.59 *




	
HHV (MJ·kg−1) ± Sx

	
17.05 ± 0.01 g

	
16.87 ± 0.09 g

	
10.96 ± 0.10 a

	
16.18 ± 0.30 f

	
16.92 ± 0.05 g

	
15.53 ± 0.01 e

	
11.39 ± 0.07 b

	
14.72 ± 0.08 c

	
15.15 ± 0.10 d

	
1065.24 *




	
M (%) ± Sx

	
7.83 ± 0 a

	
12.91 ± 0.05 f

	
9.49 ± 0.26 c

	
10.68 ± 0.04 d

	
10.40 ± 0.21 d

	
8.75 ± 0.09 b

	
11.61 ± 0.16 e

	
8.94 ± 0.03 b

	
12.55 ± 0.05 f

	
539.25 *




	
A (%) ± Sx

	
5.64 ± 0.60 a

	
5.12 ± 0.02 a

	
31.11 ± 1.49 d

	
5.82 ± 0.48 a

	
5.42 ± 0.27 a

	
6.09 ± 0.25 a

	
22.62 ± 0.35 c

	
16.03 ± 0.54 b

	
6.51 ± 0.01 a

	
731.88 *




	
V (%) ± Sx

	
69.24 ± 0.48 g

	
68.57 ± 0.14 g

	
49.98 ± 0.73 a

	
63.41 ± 0.17 f

	
68.94 ± 0.30 g

	
61.41 ± 0.33 e

	
55.45 ± 0.07 b

	
60.22 ± 0.47 d

	
58.52 ± 0.02 c

	
953.25 *




	
C (%) ± Sx

	
48.51 ± 0.16 g

	
40.65 ± 0.45 d

	
31.06 ± 0.60 a

	
46.60 ± 0.68 f

	
42.95 ± 0.86 e

	
47.35 ± 0.25 f

	
35.40 ± 0.66 b

	
39.08 ± 0.95 c,d

	
38.76 ± 0.16 c

	
352.20 *




	
H (%) ± Sx

	
5.90 ± 0.01 d,e

	
6.39 ± 0.03 e

	
3.63 ± 0.42 a

	
5.70 ± 0.08 d

	
5.74 ± 0.21 d

	
5.15 ± 0.09 c

	
4.85 ± 0.10 b,c

	
4.87 ± 0.13 b,c

	
4.56 ± 0.15 b

	
66.17 *




	
N (%) ± Sx

	
0.29 ± 0.04 a

	
1.34 ± 0.13 d

	
1.09 ± 0.05 c

	
0.62 ± 0.08 b

	
1.23 ± 0.11 c,d

	
0.67 ± 0.06 b

	
1.07 ± 0.03 c

	
1.07 ± 0.04 c

	
1.12 ± 0.02 c

	
70.35 *




	
S (%) ± Sx

	
0.52 ± 0 b

	
0.51 ± 0.04 b

	
0.48 ± 0 a,b

	
0.49 ± 0 a,b

	
0.51 ± 0 b

	
0.51 ± 0 b

	
0.45 ± 0 a

	
0.49 ± 0 a,b

	
0.48 ± 0.02 a,b

	
6.47 *




	
O (%) ± Sx

	
39.14 ± 0.50 c

	
45.99 ± 0.41 d,e

	
32.63 ± 2.30 a

	
40.77 ± 0.56 d

	
44.15 ± 0.88 d

	
40.22 ± 0.21 b,c

	
35.60 ± 0.44 b

	
38.47 ± 1.56 b,c

	
48.62 ± 0.36 f

	
76.85 *




	
FC (%) ± Sx

	
17.29 ± 0.14 d

	
13.40 ± 0.17 b

	
9.41 ± 0.51 a

	
20.09 ± 0.36 e

	
15.24 ± 0.70 c

	
23.75 ± 0.55 g

	
10.32 ± 0.23 a

	
14.81 ± 0.12 c

	
22.44 ± 0.06 f

	
521.61 *




	
FR

	
0.25

	
0.20

	
0.19

	
0.32

	
0.22

	
0.39

	
0.19

	
0.25

	
0.38

	
-








Sx—standard deviation; * means significance at α = 0.05; different horizontal letters indicate significance differences at p < 0.05 according to Tukey’s test.
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