

  sustainability-13-12306




sustainability-13-12306







Sustainability 2021, 13(21), 12306; doi:10.3390/su132112306




Article



An Assessment of the Effects of Applying Ash from the Thermal Disposal of Sewage Sludge for Fertilizing Energy Plants Using the Example of Giant Miscanthus (Miscanthus sinensis giganteus)



Sławomir Rybka *[image: Orcid] and Krzysztof Tereszkiewicz





The Faculty of Management, Department of Computer Engineering in Management, Rzeszow University of Technology, 35-959 Rzeszow, Poland









*



Correspondence: s.rybka@prz.edu.pl







Academic Editor: Marc A. Rosen



Received: 24 July 2021 / Accepted: 1 November 2021 / Published: 8 November 2021



Abstract

:

The aim of the research was to determine the possibility of using ash from the thermal utilization of municipal sewage sludge as a fertilizer in the cultivation of giant miscanthus (Miscanthus sinensis giganteus) for energy purposes. An attempt was also made to determine the optimal level of fertilization with ash from the thermal utilization of municipal sewage sludge in the commodity cultivation of miscanthus. It was assumed that the ash produced after thermal utilization of municipal sewage sludge could replace conventional mineral fertilizers. To prove the thesis, laboratory experiments of the miscanthus cultivation miscanthus were carried out. The results allowed to determine the optimal fertilization dose for miscanthus to be used in the next stage of the field research. Miscanthus does not pose a succession threat due to the method of reproduction in central Europe; therefore, its cultivation may remain under control. The research showed that for fertilization of miscanthus × giganteus crops, the ashes from thermal utilization of municipal sewage sludge could be used effectively. In experimental crops, it was shown that the optimal level of miscanthus fertilization in terms of yield was 8.32 g of ash per pot and 0.1 g of nitrogen per pot. As a result of laboratory tests, based on biometric features, the most favorable dose of ash and nitrogen fertilization from thermal utilization of municipal sewage sludge for use in field conditions was selected. The dose amounted to 3.7 t of ash∙ha−1 and 45 kg of nitrogen∙ha−1. In order to reduce the costs of cultivation, it was possible to abandon the use of nitrogen fertilizers since their omission did not cause a significant drop in yield. It is necessary to continue research in the field in order to confirm the correctness of the results obtained from laboratory tests.
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1. Introduction


The approach currently presented by the European Commission assumes a circular economy model. Thus, it gives a clear message to entrepreneurs that the priority and leading direction of the development of the European Union in the near future will be the use of all available methods in order to implement the principle of sustainable development to economy. It is assumed that the efficiency of systems supervising the use, recovery, and management of resources will be improved by reusing waste. Such an action will bring measurable economic and environmental benefits. According to the assumptions of the circular economy system, the development of products should be carried out in such a way that after their use or the end of their use, they do not constitute waste materials, but are instead raw materials with recycling possibilities. The model of management mentioned is currently being implemented in many areas of the economy. It finds a place in innovative waste management systems. It is assumed that the circular economy will potentially stimulate Europe economically, which in turn will contribute to the creation of many new jobs, as well as preserve valuable non-renewable natural resources [1,2,3,4,5,6].



The recycling of sewage sludge is an important element of the strategy for a circular raw material economy. Currently, sewage sludge is treated with the greatest share by means of composting, fertilization, and land reclamation [7,8,9].



The aim of the research was to determine the possibility of using ash from the thermal utilization of municipal sewage sludge as a fertilizer in the cultivation of giant miscanthus (Miscanthus sinensis giganteus), for energy purposes. An attempt was also made to determine the optimal level of fertilization with ash from the thermal utilization of municipal sewage sludge in commodity cultivation of miscanthus.



In most European Union countries, the main directions of municipal sewage sludge management are composting, fertilization, and land reclamation. In some countries (Poland, Cyprus, Lithuania), a significant share of this type of waste is still only landfilled without recycling it [10].



Currently, there is a constant increase in the amount of sewage sludge produced. It is related to the development of civilization and the expansion of the sewage network in developed countries of Europe. At the same time, the legal requirements that allow sewage sludge to be deposited in landfills are being tightened. In Poland, according to the Regulation of the Minister of Economy of 16 July 2015 on the approval of waste for storage in landfills Journal of Laws of 2015, item 1277 municipal sewage sludge with a heat of combustion greater than 6 MJ∙kg1 dry weight, from 1 January 2016, cannot be stored in landfills. For instance, in Germany, the ban on the storage of municipal sewage sludge was introduced in 2005. In Germany, in 2013, 54.6% of municipal sewage sludge was subject to thermal treatment, while in Poland, it was only 10.6% [11,12].



According to Burzała, thermal utilization is an effective and economically justified method of municipal sewage sludge management [13]. Bień states that sewage sludge incineration will be one of the main directions of management in the near future [14]. Thermal utilization of municipal sewage sludge (TUoMSS) already dominates, e.g., in the Netherlands, Switzerland, and Germany [10]. The ash produced after the thermal treatment of municipal sewage sludge constitutes about 45% of the dry weight of the sludge subject to this process. The ash obtained in the combustion process is characterized by a high content of valuable macro- and microelements such as phosphorus, potassium, magnesium, calcium, and sulfur. After burning, the ash still requires landfilling, but it takes up much less space and does not emit odor compounds; hence, it is less harmful to the environment. In addition to storage, the ash can also be used in the production of building materials, including cement. It is used in the construction of road infrastructure, including the foundation of roads and highways and the construction of embankments [15]. The ash from TUoMSS can be used as a mineral fertilizer. The condition for this method of management is the combustion of pure biomass, which does not contain pollutants and waste, increasing its calorific value [16]. The ash from TUoMSS has a rich mineral composition; above all, it is characterized by a high content of phosphorus and potassium. There is information in the literature that the content of phosphorus and potassium in the ash from sewage sludge ranges from a few to a dozen or so percent [17]. According to Guedes et al., ash from TUoMSS contains 8.88% phosphorus [18]. The same research shows that this material may contain as much as 12.9 to 13.4% phosphorus. Researchers Pettersson et al. determine the content of phosphorus in ash from municipal sewage sludge in a range from 3.3% to 6.13% [19]. Taking into account the assumptions of the European Union regarding the need to reduce the consumption of natural phosphorus resources, research towards the agricultural use of phosphorus-rich ash from TUoMSS are in line with the current policy of the European Union. Numerous studies have been conducted around the world on the production of fertilizers from municipal sewage sludge. However, little attention is paid to developing ways to use TUoMSS ash as a mineral fertilizer [20].



Giant miscanthus (Miscanthus sinensis giganteus) grown for energy purposes was the test subject in the research. The plant was grown for straw for the production of solid fuels. Miscanthus is a perennial plant characterized by extensive underground rhizomes. The plant has a very stiff, hairy stem with high resistance to mechanical damage. Miscanthus also has long, flattened, lanceolate leaves. In the wild, it can reach up to 6 m in height. It is characterized by the C4 photosynthetic pathway, resulting in rapid growth. The cultivation of perennial grasses with the C4 photosynthesis pathway is very effective in terms of the use of nutrients [21]. Miscanthus can be grown in poor-quality soils, including sandy, highly eroded, or polluted ones [22]. Growing miscanthus yields a great harvest that can limit premature crops. In addition, harvesting should be carried out without damaging the network of underground plant rhizomes, which reduces the yield in the next production cycle. There are opinions that miscanthus grown in Europe for energy purposes can spread and become an invasive weed. However, in the climate of Central Europe, miscanthus does not bloom and mature; hence, the risk of uncontrolled succession of the species is minimal [23].




2. Materials and Methods


The research aimed at determining a possibility of using ash which is the product of thermal utilization of municipal sewage sludge. The ash will be used as a fertilizer in the cultivation of Miscanthus sinensis giganteus, for energy purposes. An attempt was also made to determine the optimal level of fertilization with ash from the thermal utilization of municipal sewage sludge in commodity cultivation of miscanthus.



Miscanthus seedlings were purchased from a Polish supplier, Marian Pokrywka from Majdan Sieniawski. The seedlings were from 2-year-old plants. The material was delivered in the form of rhizomes. The experimental cultivation was established on April 15. Laboratory pot tests were carried out at the Faculty of Biology and Agriculture of the University of Rzeszów in Rzeszów. The rhizomes were planted in 4.50 dm3 pots. For the experimental cultivation, a substrate containing soil and ash from TUoMSS as well as nitrogen fertilizer were used. The composition of the substrate used in individual pots was compiled in accordance with the experiment system presented in Table 1. Before putting it into the pots, all the components of the substrate were thoroughly mixed, and then the same amounts of soil with fertilizing components were weighed into individual pots. In the experiment, ash from the thermal utilization of municipal sewage sludge from the Thermal Sewage Sludge Treatment Station of Miejskie Przedsiębiorstwo Wodociągów i Kanalizacji Spółka Akcyjna (Municipal Water and Sewerage Company, Krakow, Poland) in Kraków was used. The soil for pot tests was taken from the experimental field of the University of Rzeszów. The soil’s pH, salinity, and the content of assimilable forms of macronutrients and selected metals were determined. Ammonium nitrate Pulan 34 N was used as the nitrogen source.



The research included 2 factors. There were 3 replications. Each pot was of 225 cm2 and its dimensions were 15 cm × 15 cm × 20 cm. The tests of individual fertilization variants on miscanthus plants were carried out in order to verify the correctness of the selected doses of the ash from TUoMSS. The pot cultivation was carried out under a roof that let the light rays pass through. In addition, free access to sunlight was ensured. The optimum soil moisture was maintained at 70% of the field water capacity thanks to the drip irrigation system. During the vegetation period, the pots were weeded by hand as needed. Before harvesting, the biometric features of the experimental plants were measured. During the measurements, the maximum height of the stems, the thickness of the stems at a height of 15 cm from the ground, and the degree of branching were determined. Harvesting was carried out in the winter of January 9. Winter harvesting is characterized by a higher dry-matter content of the material harvested. The material from winter harvest has a higher concentration of cellulose. This dependence is related to the lower water content in plants in winter, which facilitates the mechanization of works and storage. The material harvested in winter is characterized by a better quality, associated with an increase in the calorific value [24]. The experimental plants were harvested by hand by means of garden shears.



The experimental model of a potted miscanthus × giganteus is presented below.



An experimental factor A-level of ash fertilization from TUoMSS. Four levels of fertilization with ash from TUoMSS were applied:



A1—0 g∙pot−1, A2—4.16 g∙pot−1, A3—8.32 g∙pot−1, A4—16.64 g∙pot−1



The dose of ash from thermal utilization of municipal sewage sludge was applied to a 225 cm2 pot. Nitrogen fertilization was applied in the following nitrogen doses per pot with an area of 225 cm2:



N1—0 g∙pot−1, N2—0.1 g∙pot−1, N3—0.2 g∙pot−1



A detailed plan of the experiment model presenting variants of the applied doses of fertilization is presented in Table 1.



Before setting up the pot experiment, the soil for pot cultivation was taken from the area intended for commodity cultivation. Soil samples were collected for laboratory tests using Egner’s cane from 30 places on the field surface. The collective sample weighs 0.6 kg. The soil was analyzed in terms of the total content of macronutrients: phosphorus, potassium, magnesium, calcium, and sulfur. The content of heavy metals (copper, nickel, zinc, sodium, lead, and cadmium) was also tested. The content of assimilable forms of macronutrients was determined. The content of available forms of phosphorus and potassium in the soil studied was determined by means of the Egner–Riehm method. This method was based on extraction with a buffered solution of calcium lactate and lactic acid. The pH of this mixture was 3.55 and the ratio of soil to solution (m/v) was 1:10. The analysis was carried out on the basis of the Polish standards [25,26,27,28]. The determination of the content of elements was carried out by means of the ICP-OES 6500 apparatus after prior mineralization of the material in the mixture of nitric (V) and chloric (VII) acids. The analyzer was equipped with Echelle optics with a CID semiconductor detector with an elemental spectrum in the range 166–847 nm and a resolution of 200 nm. When analyzing the soil in terms of the magnesium content, the soil was extracted with a calcium chloride solution soil analysis. The soil extraction using a calcium chloride solution was performed. The analysis was carried out based on the Polish standard. The soil pH was determined by the potentiometric method in two variants (pHH2O, pHKCL).



The calorific value of miscanthus biomass from pot crops was determined by testing with the LECO AC500 calorimeter (Leco, Vouersweg, The Netherlands) based on the standard [29]. The LECO AC500 calorimeter was a device dedicated to determining the calorific value of organic and inorganic material, including biomass, waste, solid and liquid fuels, and food products. The LECO AC500 device determines the heat of combustion by burning the sample in an oxygen atmosphere. The combustion process was carried out in a classic calorimetric bomb submerged in water. The essence of the device’s operation was to place the calorimetric bomb in water in such a way that the water jacket surrounded the measuring system on all sides. Such a system allowed to monitor the heat transfer in all directions. The temperature of the water surrounding the calorimetry bomb was measured by means of an electronic thermometer with an accuracy of 0.0001°. Maintaining the temperature of the casing at the appropriate level was achieved with the use of a cooler that was a part of the water system. The cooler was equipped with a fan with modulated revolutions, which helped maintain the set temperature of the cover. In the LECO AC500 calorimeter, there was a risk of a slight energy exchange between the reservoir surrounding the calorimeter vessel and the vessel itself. This trend was monitored in real time by the measurement system. If there was a possible change in the ambient temperature, the appropriate correction would be automatically included in the calculations. The LECO AC500 device continuously measured the temperature of the water surrounding the calorimetric bomb. Using an analog-to-digital converter, the input data were processed and then the data were saved in the device’s memory. The water temperature difference between the beginning and the end of the measurement was processed by the software installed on the computer. The result of this operation was the final result.



The statistical analysis of the results was carried out using a two-way analysis of variance in our design. The number of replications was n = 3. The values of NIR0.05 were presented in the tables of average results, specifying the following effects of P–ash fertilization with TUoMSS, N–nitrogen fertilization, and interactions between the tested N*P factors. The calculations were made using Tukey’s test.



The doses for the purposes of further field research were converted into units that can be used in field cultivation:



Factor P 1. Four levels of fertilization with ash from thermal utilization of sewage sludge:



PI—0 g∙pot−1 (0 t∙ha−1)



PII—4.16 g∙pot−1 (1.85 t∙ha−1)



PIII—8.32 g∙pot−1 (3.7 t∙ha−1)



P IV—16.64 g∙pot−1 (7.4 t∙ha−1)



Factor N 2. Nitrogen fertilization:



A—–0 g∙pot−1 (0 kg∙ha−1)



B—0.1 g∙pot−1 (45 kg∙ha−1)



C—0.2 g∙pot−1 (90 kg∙ha−1)




3. Results


Before starting the experiment, the soil and ash formed from TUoMSS used in the experiment were analyzed (Table 2). The analysis of soil and ash allowed the precise implementation of the model of the experiment.



Before starting the experiment, the ash analysis from TUoMSS used in the experiment was performed. Chemical analysis of ashes from TUoMSS was carried out using the current national standards [18,19,20,21]. Table 3 presents the chemical characteristics of the ashes used in the pot experiment.



Table 4 shows the results of measuring the height of miscanthus stems depending on the experimental factors.



The measurement of the diameter of shoots in Table 5 shows that the thickest shoots when fertilized with ash only were obtained with a dose of 8.32 g∙pot−1; a further increase in the level of fertilization caused a decrease in the average value of this parameter. It is worth noting that the thickness of miscanthus stems was positively influenced by the introduction of nitrogen into the soil, but the obtained effects of nitrogen fertilization measured by the thickness of the shoots were unsatisfactory.



Table 6 shows the results of fertilization with the ash from thermal utilization of sewage sludge (P) and nitrogen (N) on the propagation of miscanthus (pcs.).



Table 7 shows the results of fertilization with the ash from thermal utilization of sewage sludge (P) and nitrogen (N) on the calorific value in the aboveground parts of miscanthus (MJ∙kg−1).




4. Discussion


The results of the soil analyzes are presented in Table 2. Based on the chemical analysis of the soil, the agronomic category was established. It was decided that the soil used in the experiment was of the heavy type. In terms of agricultural suitability, the soil used belonged to class IV defective wheat complex. The soil was acidic (Table 3). The content of plant-available forms of potassium and phosphorus was low, while the content of plant-available forms of magnesium was high [30]. Assuming a pot experiment, the dose of the ash from TUoMSS, and the doses of nitrogen fertilizers, taking into account the content of phosphorus, potassium, calcium, and nitrogen in the ash from TUoMSS, and fertilization recommendations were established [31,32,33]. The pH value was also taken into account, as well as literature data showing that miscanthus can be grown at a much lower level of fertilization than, for example, maize [30]. In the experiment, the biochar additive was not used, based on previous studies that showed that its application in the amount of 8 or 25 t∙ha−1 to clayey soil did not increase the yield of miscanthus over four years in a temperate climate [27]. To determine the doses of fertilization in the experiment conducted, the fertilization requirements of miscanthus were taken into account: nitrogen (N)-90 kg∙ha−1, phosphorus (P)-65 kg∙ha−1, potassium (K) 150 kg ha−1. Fertilization was adjusted to the soil volume contained in pots. When determining the doses of fertilization, the low pH value in the soil KCl (5.1) and the high pH value in the ashes from TUoMSS were taken into account (Table 2).



The pH of TUoMSS ash used in the laboratory experiments was 9.2. The content of phosphorus was 48.6 g/kg, potassium was 21.6 g/kg, calcium was 7.7 g/kg, and magnesium was 1.9 g/kg. The research showed that in the tested material, no nitrogen content was found, the value of which was below the limit of quantification, amounting to 1 g/kg.



The data obtained indicated that ash could be a good source of supplementing deficiencies, especially phosphorus and potassium in the soil. Such potential is also indicated by other authors. The condition for using the ashes for fertilization was to carry out the combustion process without additives (e.g., waste) increasing the calorific value, which load the obtained ash with pollutants [34,35].



An application of the ash from TUoMSS as a fertilizer fitted perfectly into the model of economy that promotes sustainable development and a closed resource cycle. This use was a good alternative for depositing waste in landfills. Agricultural management of biomass ashes could improve the soil and provide a source of nutrients for plants. Thus, biomass ashes could be substitutes for traditional fertilizers [36]. The potential indicating the use of ashes in agriculture was the content in their composition of significant amounts of potassium, phosphorus, calcium, magnesium, and numerous micronutrients. According to the research carried out by Piekarczyk et al., biomass ash also has a good effect on the physical properties of the soil; they also improve the abundance of available magnesium, potassium, and phosphorus [37]. They increase the sorption capacity of light soils and improve the air–water conditions of the soil. The reason for this beneficial effect is an increase in the soil particle size composition of dust and floated fractions [17]. For these reasons, the use of ash for soil fertilization, for the cultivation of plants for energy purposes, is motivated by measurable ecological and economic benefits. The condition for agricultural management of ash is to control the content of heavy metals that may lead to environmental contamination.



The search for alternative sources of biomass to be used in the energy sector increases the interest in the cultivation of high yielding crops. Kowalczyk-Juśko cites perennials, perennial grasses, shrubs, and trees as examples of plants with high yielding capacity [38]. The miscanthus is mentioned in the group of plants with a significant energy potential. The data show that its cultivation allows yields of 10 tons of dry matter (dry weight) per hectare. Higher yields are guaranteed only by sorghum, 49 tons of DM per hectare and Sakhalin knotweed 20 tons of dry weight per hectare. On the other hand, much lower dry matter yields are obtained from the crops of Jerusalem artichoke, willow, multiflower rose, prairie spartina, reed brain, poplar, alder, birch, and hazel, which have a yield ranging from 1.2 to 8 tons per hectare. An important advantage indicating the possibility of using miscanthus x giganteus as an energy plant is its low nutritional requirements.



The studies of Ercoli et al. and Iżewska show that miscanthus can be grown in extensive conditions, where it gives satisfactory crops [39,40]. Lewandowski et al. prove that this grass can be grown in soils of class IV, V, and even VI if the site is provided with an adequate amount of water [41]. The literature also indicates the potential of this species to strengthen erosive areas [42,43]. The high capacity of miscanthus in carbon sequestration was also noticed. According to many authors, the carbon sequestration process is very important in the cultivation of plants for energy purposes because it contributes to the reduction of greenhouse gas emissions [44,45].



Carbon sequestration is a very important aspect of growing plants for energy purposes. The phenomenon of carbon sequestration in energy crops is based on the fact that, along with falling leaves and dying roots, the carbon assimilated in them goes to the soil and is used in cariogenic processes. The phenomenon of sequestration is of great importance in the carbon cycle, which has a direct impact on the balance of greenhouse gas emissions. According to Hansen et al., carbon sequestration at the level of 0.25 t∙ha−1 in multi-year cultivation of energy willow balances the balance of greenhouse gas emissions emitted during the combustion of biomass obtained from 1 ha of cultivation. In other studies, it was found that in energy willow cultivation, the carbon sequestration ranged from 0.55 to 0.83 t∙ha−1 and depended on the soil grain composition and age of the cultivated plants. According to the research by Hansen et al., the potential of miscanthus in the process of carbon sequestration was much higher and ranged from 0.78 to 1.13 t∙ha−1. This allows the tested species to be considered very efficient in the process of reducing CO2 emissions in the group of energy crops [44].



According to the source data, yielding is of key importance in the production of energy crops. Obtaining a large amount of biomass is a condition for production efficiency [46].



It was found that all the fertilization variants used had a positive effect on the height of the plants tested compared to the control group. By analyzing the effect of fertilization with ashes, it was found that the best effect on the height was obtained by applying the fertilization level of 8.32 g of ash. Plant height at this level of fertilization was on average 194.90 cm. Similarly, when considering the effect of nitrogen fertilization, it was observed that the highest plants were obtained with a dose of 0.2 g/pot (the highest plants were 201.33 cm). It is worth noting that fertilization only with ash from TUoMSS had a more positive effect on the height of the plants tested compared to the application of fertilization using only ash. The data analysis shows that the simultaneous application of nitrogen and ash fertilization had a beneficial effect on plant growth, with the tallest plants, 215.67 cm high, obtained with ash doses at the level of 8.32 g/pot and nitrogen at 0.1 g/pot (Table 4).



Further analysis of miscanthus biometric features showed that when fertilizing only with ash, the number of shoots in the pots ranged on average from 6.7 to 7.3, but both at the level of 8.32 and 16.64, it was the same. The introduction of nitrogen fertilization improved this parameter. It is worth noting that the level of fertilization applied did not matter; the average spreading at the level of nitrogen fertilization of 0.1 and 0.2 g of nitrogen per pot were identical (Table 6). In the experiment carried out in the control pots, clumps spread to five to six stems. In pots with a dose of ash fertilization from TUoMSS 4.16 g∙pot−1, the miscanthus propagation consisted of six to seven stems. In pots with a dose of ash fertilization from TUoMSS 8.32 g∙pot−1, the miscanthus propagation consisted of seven to eight stems. In the pots in which at a dose 4.16 g∙pot−1 of ashes the nitrogen fertilization at a dose of 4.16 g∙pot−1 was applied, the propagation of miscanthus was 8.3 on average. In pots where, at the dose of 8.32 g∙pot−1 ash, nitrogen fertilization was also applied at a dose of 0.1 g∙pot−1, the propagation of miscanthus was 8.7 on average. A further increase of the nitrogen dose to 0.2 g∙pot−1 did not change the propagation of miscanthus. Increasing the dose of ash fertilization to 16.64 g∙pot−1 also did not contribute to further increase of miscanthus propagation. The differences turned out to be statistically insignificant (Table 6). When comparing the own results with the research carried out in Germany, it was observed that the miscanthus yield in the second year of cultivation reached 10 tons of dry weight per hectare. In the following years of cultivation, the miscanthus yield increased significantly in the range from 20 to 30 tons of dry weight per hectare [33]. Other studies carried out in German conditions showed that the yield of miscanthus at the age of 4 to 9 years was from 14.8 even to 33.5 tons of dry weight per hectare. The long-term research of Kahle et al. on the cultivation of miscanthus on soils poor in nutrients proved that despite the lack of nitrogen fertilization, it was possible to obtain a miscanthus yield of 16 tons per hectare [47]. Jeżowski et al. state that the yield of miscanthus is mainly determined by the stage of plant development, as well as the diameter and propagation of the clump. The diameter of one-year-old miscanthus stems up to 1.5 cm, while the clump’s propagation in the first year amounts to an average of 15 stems. In the following years, the diameter of a one-year shoot reaches 2.5 cm, while the number of shoots is 20 on average [42]. Ercoli et al., Clifton-Brown and Lewandowski show that the yield depends on the age of the plantation, harvest date, planting material used (rhizome, seedlings in vitro), position, fertilization, and ranges from 1 to 3 tons per hectare in the first year, i.e., in the year when the plantation was established, while the plants grow to 2 m in height. In the second year, the yield varies from 8 to 15 tons per DM and the plant height reaches 3 m. From the third year, the plantation enters the period of maximum yielding, and the yields reach 25–30 tons of dry weight per hectare [21,39].



The field research carried out after the end of the experimental crops presented in this paper showed that in the first year of cultivation with the application of fertilization with the ash from TUoMSS municipal sewage sludge at the level of 3.7 t∙ha−1 and nitrogen at the level of 45 kg∙ha−1, the average propagation of miscanthus was 9.3 stems per plant on average. In the second year, on the plots where fertilization with the ash from TUoMSS was applied at the level of 3.7 t∙ha−1 and nitrogen at the level of 45 kg∙ha−1, the propagation of miscanthus plants was 20 stems on average.



Table 7 describes the calorific value of the aboveground miscanthus from the pot cultivation. The average calorific value of the miscanthus aboveground parts was 17.54 MJ∙kg−1. The fertilization with the ashes from TUoMSS did not significantly affect the changes in the calorific value of the above-ground parts of the plants tested.



The results of the calorific value in the studies conducted were slightly higher than the data published by [48]. These authors determined the calorific value of miscanthus biomass at the level of 16.48 MJ∙kg−1. For comparison, the energy value of other crops grown for energy purposes is: beech 20 MJ∙kg−1, cereal straw pellet 17 MJ∙kg−1, oat grain 16.6 MJ∙kg−1 [49,50].



Based on the observations made in the pot cultivation, the most favorable fertilization doses to be used in the continued field research were selected. The doses of ash fertilization from TUoMSS were selected for the field tests amounting to I-0 g∙pot−1, II −4.16 g∙pot−1, III-8.32 g∙pot−1. A further increase in the dose of ash fertilization to IV-16.64 g∙pot−1 in pot cultivation did not result in an increase in the yield. For the highest dose of ash fertilization, a decrease in the yield was recorded due to over-fertilization.



Using ash in the amount of 1.85 t∙ha−1, we provide 89.54 kg P∙ha−1 and 39.97 kgK∙ha−1. When using the dose of 3.7 t∙ha−1, 179.08 kg of P∙ha−1 and 79.94 kg K∙ha−1 are put into the soil. However, the application of the dose of 7.4 t∙ha−1 puts 358.16 kg of P∙ha−1 and 159.88 kg of K∙ha−1 into the soil.




5. Conclusions


Miscanthus can be used as a plant with soil anti-erosion properties and soil strengthening; it has good soil improvement properties and a favorable carbon sequestration balance. Miscanthus does not pose a succession threat due to the way it reproduces in central Europe; hence, its cultivation may remain under control.



The research showed that the ashes from thermal utilization of municipal sewage sludge could be effectively used for the fertilization of miscanthus crops. In experimental crops, it was shown that the optimal level of miscanthus fertilization in terms of the yield was 8.32 g of ash per pot and 0.1 g of nitrogen per pot. As a result of laboratory tests, based on biometric features, the most favorable dose of ash and nitrogen fertilization from thermal utilization of municipal sewage sludge for use in field conditions was selected on the basis of biometric features, amounting to 3.7 t ash∙ha−1 and 45 kg nitrogen∙ha−1. In order to reduce the costs of cultivation, it was possible to abandon the use of nitrogen fertilizers as their omission does not cause a significant drop in yield.
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Table 1. Experimental model with the levels of fertilization applied.






Table 1. Experimental model with the levels of fertilization applied.





	
First replication




	
A1N1

	
A2N1

	
A3N1

	
A4N1




	
A1N2

	
A2N2

	
A3N2

	
A4N2




	
A1N3

	
A2N3

	
A3N3

	
A4N3




	
Second replication




	
A1N1

	
A2N1

	
A3N1

	
A4N1




	
A1N2

	
A2N2

	
A3N2

	
A4N2




	
A1N3

	
A2N3

	
A3N3

	
A4N3




	
Third replication




	
A1N2

	
A2N2

	
A3N3

	
A4N2




	
A1N3

	
A2N3

	
A3N3

	
A4N3




	
A1N1

	
A2N2

	
A3N1

	
A4N1








Source: own research.
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Table 2. Characteristics of the soil used in the experiment.






Table 2. Characteristics of the soil used in the experiment.





	
Soil pH and Salinity Used in the Experiment




	
pHH2O

	
pHKCL

	
Soil Salinity

[Ds m−1]




	
5.48

	
5.1

	
0.15




	
The content of assimilable forms of macronutrients in the soil used in the experiment




	
Phosphorus

(gP∙kg−1)

	
Potassium

(gK∙kg−1)

	
Calcium

(gCa∙kg−1)

	
Magnesium

(gMg∙kg−1)




	
6.1

	
9.85

	
28.14

	
14.42




	
Total content of selected metals in the soil from the experiment




	
Iron

(mg∙kg−1 DW)

	
Nickel

(mg∙kg−1 DW)

	
Copper

(mg∙kg−1 DW)

	
Chromium

(mg∙kg−1 DW)

	
Zinc

(mg∙kg−1 DW)

	
Cadmium

(mg∙kg−1 DW)

	
Manganese

(mg∙kg−1 DW)




	
4265

	
14.6

	
9.2

	
28.4

	
10.6

	
<0.30

	
394.6








Source: own research.
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Table 3. Reaction and total content of selected elements in ashes from thermal utilization of municipal sewage sludge used in pot experiments.
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pH

	
Nitrogen

(g/kg)

	
Phosphorus

(g/kg)

	
Potassium

(g/kg)

	
Calcium

(g/kg)

	
Magnesium

(g/kg)

	
Lead

(mg∙kg−1)




	
9.2

	
<1.0

	
48.6

	
21.6

	
7.7

	
1.9

	
36.42




	

	
Nickel

(mg∙kg−1)

	
Copper

(mg∙kg−1)

	
Chromium

(mg∙kg−1)

	
Zinc

(mg∙kg−1)

	
Cadmium

(mg∙kg−1)

	
Mercury

(mg∙kg−1)




	
100.1

	
439.82

	
47.86

	
1756.28

	
7.90

	
0.01








Source: own research.
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Table 4. Effect of fertilization with ash from thermal utilization of sewage sludge (P) and nitrogen (N) on the height of miscanthus stems (cm).
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Factor

	
Fertilization with Ash from Thermal Utilization of Municipal Sewage Sludge (g∙pot−1)




	
Nitrogen Fertilization (g∙pot−1)

	
Repetition

	
A1—0

	
A2—4.16

	
A3—8.32

	
A4—16.64






	

	
I

	
162

	
181

	
181

	
180




	

	
II

	
181

	
193

	
201

	
196




	
0

	
III

	
175

	
184

	
199

	
193




	

	
I

	
187

	
198

	
215

	
211




	

	
II

	
181

	
202

	
214

	
205




	
0.1

	
III

	
185

	
205

	
218

	
204




	

	
I

	
198

	
212

	
207

	
205




	

	
II

	
202

	
208

	
215

	
214




	
0.2

	
III

	
204

	
212

	
212

	
209




	
NIRα=0.05

	
P = 7.681; N = 6.022; N/P = n.i.








Source: own research. n.i.—a statistically insignificant difference.
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Table 5. Effect of fertilization with ash from thermal utilization of sewage sludge (P) and nitrogen (N) on the diameter of miscanthus stems (cm).
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Factor

	
Fertilization with Ash from Thermal Utilization of Municipal Sewage Sludge (g∙pot−1)




	
Nitrogen Fertilization (g∙pot−1)

	
Repetition

	
A1—0

	
A2—4.16

	
A3—8.32

	
A4—16.64






	

	
I

	
0.88

	
1.10

	
1.10

	
1.10




	

	
II

	
1.10

	
1.15

	
1.20

	
1.00




	
0

	
III

	
1.05

	
1.10

	
1.15

	
1.05




	

	
I

	
1.20

	
1.20

	
1.25

	
1.20




	

	
II

	
1.10

	
1.15

	
1.20

	
1.15




	
0.1

	
III

	
1.15

	
1.20

	
1.15

	
1.20




	

	
I

	
1.25

	
1.30

	
1.25

	
1.25




	

	
II

	
1.20

	
1.25

	
1.35

	
1.20




	
0.2

	
III

	
1.25

	
1.30

	
1.30

	
1.20




	
NIRα=0.05

	
P = 0.066; N = 0.052; P/N = n.i.








Source: own research. n.i.—a statistically insignificant difference.
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Table 6. Effect of fertilization with ash from thermal utilization of sewage sludge (P) and nitrogen (N) on the propagation of miscanthus (pcs.).
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Factor

	
Fertilization with Ash from Thermal Utilization of Municipal Sewage Sludge (g∙pot−1)




	
Nitrogen Fertilization (g∙pot−1)

	
Repetition

	
A1—0

	
A2—4.16

	
A3—8.32

	
A4—16.64






	

	
I

	
5

	
7

	
8

	
7




	

	
II

	
6

	
6

	
7

	
8




	
0

	
III

	
5

	
7

	
7

	
7




	

	
I

	
8

	
8

	
9

	
8




	

	
II

	
7

	
8

	
8

	
8




	
0.1

	
III

	
7

	
9

	
9

	
9




	

	
I

	
7

	
8

	
9

	
9




	

	
II

	
8

	
8

	
9

	
9




	
0.2

	
III

	
7

	
9

	
8

	
8




	
NIRα=0.05

	
P = 0.751; N = 0.589; N/P = n.i.








Source: own research n.i.—a statistically insignificant difference.
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Table 7. Effect of fertilization with ash from thermal utilization of sewage sludge (P) and nitrogen (N) on the calorific value in the aboveground parts of miscanthus (MJ∙kg−1).






Table 7. Effect of fertilization with ash from thermal utilization of sewage sludge (P) and nitrogen (N) on the calorific value in the aboveground parts of miscanthus (MJ∙kg−1).





	
Factor

	
Fertilization with Ash from Thermal Utilization of Municipal Sewage Sludge (g∙pot−1)




	
Nitrogen Fertilization (g∙pot−1)

	
Repetition

	
A1—0

	
A2—4.16

	
A3—8.32

	
A4—16.64






	

	
I

	
17.20

	
17.41

	
17.46

	
17.40




	

	
II

	
17.17

	
17.35

	
17.48

	
17.36




	
0

	
III

	
17.40

	
17.36

	
17.42

	
17.32




	

	
I

	
17.70

	
17.32

	
17.82

	
17.46




	

	
II

	
17.72

	
17.36

	
17.64

	
17.42




	
0.1

	
III

	
17.76

	
17.33

	
17.58

	
17.47




	

	
I

	
17.94

	
17.62

	
17.71

	
17.62




	

	
II

	
17.84

	
17.58

	
17.64

	
17.68




	
0.2

	
III

	
17.94

	
17.61

	
17.68

	
17.66




	
NIRα=0.05

	
P = 0.078; N = 0.061; N/P = 0.122








Source: own research. n.i.—a statistically insignificant difference.
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