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Abstract

:

One of the aims of the environmental and energy policy of the European Union is to reduce the emission of air pollutants, primarily from heat and electricity production, e.g., using renewable energy sources. An example of such a fuel is agricultural biomass including animal manure, which can be used to produce energy in many ways, inter alia direct combustion. The aim of the study was to measure the concentration of NO, NOx, CO, dust and boiler efficiency during the combustion and co-combustion of wood and manure pellets. The research was conducted in the laboratory of the Poznań University of Technology using a 15 kW domestic boiler at maximum power. Manure pellets had higher moisture—9.2%, lower high heating value—17.25 MJ·kg−1, lower low heating value—16.45 MJ·kg−1, and higher ash content—11.23% than wood pellets. The average concentrations of CO, NO, NOx and dust for 100% wood pellets were 198 ± 27 mg·m−3, 129 ± 5 mg·m−3, 198 ± 8 mg·m−3 and 8.7 ± 0.5 mg·m−3, respectively. For this, the fuel boiler power was 13.6 kW (air–fuel ratio 1.48), and it was close to the maximal nominal power. Increasing the share of manure pellets in the burning mixture worsened the stability of the combustion process, and the occurrence of incomplete combustion was observed, which resulted in an increased concentration of CO and dust. Additionally, NO and NOx concentrations also increased. The average boiler power during the combustion of 100% manure pellets was 7.8 kW (air–fuel ratio 2.2), and the average concentrations of CO, NO, NOx and dust were 1548 ± 555 mg·m−3, 355 ± 53 mg·m−3, 554 ± 88 mg·m−3 and 482 ± 63 mg·m−3, respectively.
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1. Introduction


One of the objectives of the environmental and energy policy of the European Union, including Poland, is to reduce the emission of air pollutants, primarily from heat and electricity production processes [1,2,3]. EU countries have set an ambitious target that by 2030, 32% of the total energy consumption will be covered by renewable sources, which is expected to contribute to reducing greenhouse gas emissions by 40% compared to 1990 levels [4]. The growing energy demand, the necessity of notable reduce greenhouse gas emissions and the changes resulting from the armed conflict in Ukraine are the main reasons for the intensive search for alternative fuels characterized by low prices and high energy value [5,6,7]. One of such fuels is biomass, which is also widely available [8].



Every production system, including those in the agriculture and agri-food industry, results in different types of residues. The agricultural and the agri-food activity generate mainly organic waste of plant and animal origin with specific fertilizing, energy and nutritional properties [9]. The high availability of agricultural biomass, in any location, in large amounts, makes it an attractive product, but its great diversity requires the use of various techniques for rational use. Most of the agricultural biomass must undergo special pre-treatment before it is used for heat and/or electricity production and for fertilization [10]. One way is biological treatment. An example is the composting process, as the result of which valuable fertilizer—compost—is generated [11]. Another biological method of biomass processing is anaerobic fermentation, which produces biogas burned for heat and energy purposes, and digestate that can be used as fertilizer or fuel [12,13,14]. An alternative to biological treatment is thermochemical processes, which result in the production of solid biofuels, which are then burned for thermal and energy purposes. Many experiments were carried out aimed at converting biomass into solid fuels in the process of gasification, pyrolysis, and pressure treatment [10,15].



The most widely used method of solid biofuels production from biodegradable waste is the process of pressure agglomeration, enabling homogenization and reduction in the mass of the raw material [16]. As a result of the agglomeration process, granules, pellets or briquettes can be produced, which facilitates the use of energy for biomass: transport, storage and combustion [7,17]. Among many types of biomasses, wood is the main raw material for pellet production [18]. Compared to agricultural biomass, wood pellets are characterized by a relatively stable chemical composition, which enables the automation of the fuel feeding process, and it has a positive effect on the emission of air pollutants during combustion. However, higher costs of wood biomass production, regional availability mainly for areas close to forests or wood, furniture industries and high transport costs from the forest or industrial area to end users limit the availability of high-quality and good priced wood pellets on the Polish market [19,20]. This has resulted in increased research interest in alternative types of biomasses, such as agricultural residues and manure, among others. Research is conducted toward the use of agricultural biomass pellets as the primary fuel or co-combustion with wood pellets [7,15,19,20].



One type of agricultural biomass is animal manure—a mixture of feces, urine, bedding material, feed, etc., which is produced in large quantities around the world during livestock production. The energy use of cattle, pig, chicken manure and others is one of the goals of sustainable development and a circular economy [21]. Such a management of animal manure can be implemented primarily in rural areas in developing and developed countries [21,22]. Research on the energy use of manure has been conducted for many years in laboratory and industrial conditions. In the 1980s, series of articles concerning the combustion of raw animal manure in fluidized bed boilers were published [23,24,25]. They used manure containing 14–18% moisture and 16–42% ash with a calorific value between 12.40 and 14.95 MJ·kg−1. The process was carried out in a recirculating bed with a combustion temperature of 620 °C to avoid problems of slagging and fouling. Similar studies were conducted by Have and Fritze [26], Madan [27] and Augustin and Bockenhauer [28]. Schuster and Stroemberg [29] burned horse manure in a boiler connected to a district heating system, and they found that there were basically no technical problems with the high-efficiency and low-emission combustion of manure using modern technologies. However, there was a risk of very low temperatures of ash softening and melting.



Another problem is the high level of chlorides, which can cause corrosion. Therefore, raw manure should not be used in existing wood-fired heating plants. Simultaneously, thermogravimetric studies were also conducted. Yurdakul [30] studied the characteristics of ignition and combustion of animal waste. He showed that the thermal decomposition profiles of poultry litter differ from carbon profiles, having slightly different values of activation energies. Jiang et al. [31] researched the ignition and combustion characteristics of cattle manure particles at various oxygen concentrations and temperatures of 873–1073 K. They confirmed that the influence of ambient temperature on the ignition and combustion of cattle manure particles was the most obvious. With the increase in the ambient temperature and oxygen concentration, the conditions of ignition and combustion improved. Moreover, the internal ignition temperature, the ignition delay and the combustion time of the volatiles decreased.



The next problem with the combustion of agricultural biomass (manure) is air pollutants, which result from the composition and characteristics of fuel. The increased ash content causes higher dust emissions, while high nitrogen content increases nitrogen oxides (NOx) emissions [20,32,33]. Additionally, high ash content and humidity are negatively correlated with the calorific value, which limits the achievement of the nominal boiler power and proper temperature in the boiler combustion chamber. This results in the deposition of slag in the boiler, which hinders heat exchange and causes faster wear of the metal components in the installation due to corrosion [34]. On the other hand, the use of such fuels in low-power (household) boilers can contribute to reducing carbon dioxide (CO2) emissions into the atmosphere. However, it may not meet the emission standards imposed by the Parliament of the European Union. According to the Ecodesign Directive, concentrations of pollutants during biomass combustion should not exceed 500 mg·Nm−3 for carbon monoxide (CO), 200 mg·Nm−3 for NOx and less than 40 mg·Nm−3 for dust at the oxygen content (O2) in exhaust gas equal to 10 mg·Nm−3 [35]. This standard has been in force in the European Union countries since 2020. For this reason, the co-combustion of agricultural biomass pellets and wood pellets has been studied in recent years. Currently, one of the possible solutions to improve the quality of pellets is their production from the mixture two or more raw materials [17]. During the production of pellets from alternative raw materials, the general tendency is to add wood materials, which increases the lignin content, improving their quality, mainly calorific value, bulk density, durability and ash content [36,37,38]. Another, simpler way is to mix two types of pellets in predetermined proportions before burning [39,40].



The aim of the study was to measure the concentration of air pollutants (NO, NOx, CO and dust) and boiler efficiency during the combustion and co-combustion of selected types of biomasses: wood pellet and manure pellet in conditions similar to a domestic boiler at maximum power.




2. Materials and Methods


2.1. Measuring Stand


The research was carried out in the summer of 2021 in the laboratory of the Poznań University of Technology (Division of Heating, Air Conditioning and Air Protection, Institute of Environmental Engineering). Experiments were made in almost real-life conditions of small power boilers. The boiler was connected to heat receivers: water heat storages and a fan coil unit (Figure 1).



The tested fuel was burned in a 15 kW boiler (LUMO Bio Max, Lumo Heating Technology, Mosina, Poland) with an automatic fuel feeding system. The device was dedicated to burning wood pellets and, according to the manufacturer’s declaration, it met the requirements of class 5 for heating devices according to the PN-EN 303-5:2021-09 standard [41] and the EU Ecodesign Directive [35]. The boiler was equipped with a retort burner (Ecotec BioLine 20, Ecotec Sweden AB, Industrivägen, Sweden) and worked with a controller from the same manufacturer.



The air pollutant concentrations in the flue gases and the temperature of flue gases were measured using the MRU Vario Plus flue gas analyzer (MRU Instruments, Humble, TX, USA). Concentrations of CO were measured using an infrared method, and oxygen (O2), nitric oxide (NO) and nitrogen dioxide (NOx) concentrations were measured using electrochemical methods. The range of measurements and the accuracy of the analyzer are presented in Table 1. The Vario Plus flue gas analyzer also calculated the air–fuel ratio and chimney losses for the boiler.



The laser dust meter (DynOptic DSL-330, Dynoptic Systems Limited, Middleton Cheney, United Kingdom) was used to measure the dust concentration. It was mounted at a height of 3 m in the chimney (measurement accuracy ±0.2 mg·m−3). The heat received by the boiler water and the boiler’s thermal power were measured using a Kamstrup Multical 602 heat meter (Kamstrup A/S, Skanderborg, Denmark). The temperature in the combustion chamber was measured by a PtRh-Pt thermocouple placed about 5 cm above the flame. All measurement data were recorded every 5 s and sent to the computer’s hard disc. The boiler efficiency was calculated using the direct method as a ratio of heat transferred to the boiler water to the product of the mass of combusted fuel and its calorific value.




2.2. Fuel


Two types of biomass pellets were used during the research: wood pellets (50% of spruce and 50% of pine) and animal manure pellets (60% of cattle and 40% of chicken manure) mixed in different proportions (Figure 2). Before starting the tests, the characteristics of both fuels were made. The following parameters were determined: relative humidity, low heat value, high heat value, length, diameter, density, and the content of ash, carbon (C), nitrogen (N), hydrogen (H), sulfur (S) and chlorine (Cl).



Relative humidity was determined using the drying method in accordance with the PN-EN12880:2004 standard [42], and the ash content was determined using the gravimetric method in accordance with the PN-EN 12879:2004 standard [43] in the research laboratory of the Institute of Technology and Life Sciences, Branch in Poznań. For this purpose, a B&D HA 202 M analytical balance with an accuracy of ±0.0001 g, a Wamed KCB 30 heat chamber and a Nabertherm B150 muffle furnace were used. The high heating value (HHV) and the low heating value (LHV) of wood and manure pellets were determined using the IKA C200 an adiabatic calorimeter using the isoperibolic method. Measurements were made in accordance with PN-ISO 1928:2020-05 [44]. HHV is the amount of heat obtained from the complete combustion of a solid fuel in an oxygen atmosphere. The end products of combustion are gases at ambient temperature. The LHV is determined by subtracting the heat of vaporization of the water vapor from the HHV. It was calculated using a computer program that controls the operation of the calorimeter in accordance with PN-ISO 1928:2020-05 [44]. The chemical composition of the fuel was determined in accordance with the PN-EN 15104:2011 [45] and PN-EN 15289:2011 standards [46].




2.3. Plan of Experiment


The combustion tests were made in a boiler operating in stable conditions at maximum power. Before starting the measurements, the boiler was heated up for 1 h to stabilize the combustion conditions. Measurements during the combustion of individual pellet mixtures lasted 60 min. Before the measurement of mixtures with different contents of the tested fuels, the pellet storage and the boiler were thoroughly cleaned. The composition of pellet mixtures was determined by weight, and the research was carried out for the following mixtures:




	-

	
100% wood pellets;




	-

	
75% wood pellets and 25% manure pellets;




	-

	
50% wood pellets and 50% manure pellets;




	-

	
25% wood pellets and 75% manure pellets;




	-

	
100% manure pellets.











3. Results and Discussion


3.1. Parameters and Chemical Composition of the Tested Fuels


Table 2 presents the characteristic values and the content of selected chemical elements for the tested fuels. Organic fuels are characterized by a certain variability of composition resulting from many factors. In the case of wood pellets, these are primarily the species and type of wood; in the case of manure pellets, it is the way of feeding, the animal housing system and manure removal system.



For wood pellets, some parameters are required by the PN-EN ISO 17225-2: 2021-10 standard [47], which imposes on pellet producers, e.g., maintaining humidity and low heating value at standardized levels. The wood pellets used in the study met these standards, and the other parameters were within the published ranges [36,38,48,49,50,51]. In case of manure pellets, the parameters are not defined by legal acts, and their variability ranges are much larger and are for [52,53,54,55]:




	-

	
Low heating value: 11.95–17.61 MJ·kg−1;




	-

	
High heating value: 11.08–16.34 MJ·kg−1;




	-

	
Ash content: 11.62–37.85%;




	-

	
Carbon content: 25.65–44.24%;




	-

	
Nitrogen content: 0.90–2.64%;




	-

	
Hydrogen content: 3.43–5.69%;




	-

	
Sulfur content: 0.18–0.80%;




	-

	
Chlorine content: 0.10–1.04%.









The tested manure pellets have parameters that fall within these ranges or slightly exceed them.




3.2. 100% Wood Pellets


During wood pellet combustion, the power of the boiler ranged from 11.9 to 14.9 kW; on average, it was equal to 13.6 kW and it was close to the maximum nominal power. The average oxygen content was 6.8%, and the air–fuel ratio was from 1.27 to 1.64, with an average of 1.48. Both the average temperature in the combustion chamber and the flue gas temperature did not fluctuate significantly and amounted to 612 ± 15 °C and 145 ± 4 °C, respectively. The boiler efficiency during the test was 94.5%. Figure 3 shows the changes in the concentration values of the tested pollutants.



The average concentrations of CO, NOx and dust were lower than the values required by the Ecodesign Directive, and they were 198 ± 27 mg·m−3, 198 ± 8 mg·m−3 and 8.7 ± 0.5 mg·m−3, respectively. The NO concentration was on average 129 ± 5 mg·m−3. The air pollutants concentrations presented in the available papers cover a wide range, which is related to the variety of material from which the pellets are made (chemical composition), the type of boiler and the type of burner used as well as the presence of recirculation, etc. However, the obtained results can be considered comparable with the results of other works. Pelełka et al. [56], during the combustion of wood pellets in a 200 kW boiler, recorded CO concentrations ranging from 78.5 to 201.2 mg·m−3, NOx from 150 to 204 mg·m−3 and dust from 12.4 to 21.8 mg·m−3. Air pollutant emissions from a 200 kW boiler were studied by Archan et al. [57], and they obtained concentrations lower than the results of this study, ranging for CO from 12 to 60 mg·m−3, for NOx from 84 to 119 mg·m−3 and for dust from 4 to 27 mg·m−3. On the other hand, Verma et al. [58], using 15–32 kW boilers, combusted DINplus wood pellets in real conditions and obtained CO, NOx and dust concentrations of 98–268 mg·m−3, 146–1576 mg·m−3, 6–35 mg·m−3, respectively.




3.3. Mixture of 75% Wood Pellets and 25% Manure Pellets


The average power of the boiler fueled with a mixture of 75% wood pellets and 25% manure pellets was 12.4 kW (from 11.5 to 13.8 kW), and it was lower than power for 100% wood pellets. It results from the lower calorific value of manure pellets. The efficiency of the boiler during the test was similar and amounted to 94.3%. The average oxygen content was 7.1%, and the air–fuel ratio ranged from 1.25 to 1.75, with an average of 1.52. The values of the average temperature in the combustion chamber as well as the flue gas temperatures were 616 ± 25 °C and 138 ± 8 °C, and they were also comparable to values for 100% wood pellets. Figure 4 presents the distribution of the air pollutants concentration during the test.



The average concentration of CO was 312 mg·m−3, and it was more than 1.5 times higher than in the case of 100% wood pellets. The dust concentration in the flue gases was also significantly higher: on average equal to 54 mg·m−3. Increased values of both dust and CO were related to the increased ash content in the tested mixture, which may lead to incomplete combustion, which is a source of CO and particulates including soot, condensable organic particles (tar), and char [59]. Moreover, particulates from complete combustion including inorganic material in the flying ash [60] are also an additional source of dust. The average concentrations of NO and NOx were over 1.8 times and almost 2 times higher than in the case of 100% wood pellets, and they were 241 mg·m−3 and 365 mg·m−3, respectively. This is related to the higher content of nitrogen in the fuel, because at the temperatures in which the combustion process was carried out, the synthesis of N2 to NOx (Zeldowicz mechanism) has little impact on the total NOx emission. This mechanism is strictly connected to temperature, and it significantly caused increases in the NOx concentration in temperature above 1200 °C. In case of such proportions of the wood and manure pellet mixture, the Ecodesign Directive is met only for CO. Other concentration (NOx and dust) standards were exceeded.




3.4. Mixture of 50% Wood Pellets and 50% Manure Pellets


Increasing the share of manure pellets in the combusted mixture (50% wood pellets and 50% manure pellets) resulted in greater power fluctuations from 10.9 to 13.9 kW and a decrease in average power to 12.2 kW, with an average efficiency of 93.5%. At the same time, the oxygen content increased to 7.7%, and the air–fuel ratio to 1.58. Musialik-Piotrowska et al. [61] indicated that when agricultural biomass was combusted in the burner retort, an increase in the air–fuel ratio may result in increased CO concentrations in the flue gases. For the tested mixture, the CO concentration increased compared to the results for a higher share of wood pellets, and its average value was 422 mg·m−3, assuming values in the range from 239 to 575 mg·m−3. According to Mustafa et al. [62], the higher concentration of CO was also influenced by the decrease in the temperature in the combustion chamber, which was on average 575 °C, with the average flue gas temperature of 132 °C. The concentrations of NO (average 307 mg·m−3), NOx (average 476 mg·m−3) and dust (average 100 mg·m−3) also increased, which results from the increased content of nitrogen and ash in the tested fuel. The changes of measured concentrations during combustion are shown in Figure 5.



The momentary concentration ranges of all tested pollutants were characterized by large fluctuations: for NO, from 92 to 423 mg·m−3; for NOx, from 142 to 652 mg·m−3; and for dust, from 50 to 131 mg·m−3. Only the CO concentration was below the standards set by the Ecodesign Directive.




3.5. Mixture of 25% Wood Pellets and 75% Manure Pellets


The next increase in the content of pellets manure in the mixture (25% of wood pellets and 75% of manure pellets) worsened most of the measured parameters, and it also widened the range of the momentary values. The average boiler power decreased to 10.8 kW. On the other hand, the efficiency of the boiler increased to 93.1%. At the same time, the oxygen content in the exhaust gas increased to 8.8%, and the average air–fuel ratio increased to 1.66. The average temperature in the combustion chamber and flue gas decreased slightly to 567 °C and to 122 °C, respectively. The change of these parameters and the chemical composition of the fuel, in accordance with the previously mentioned mechanisms, resulted in an increase in the concentration of all analyzed pollutants, as shown in Figure 6.



In this case, the concentration of CO ranged from 321 to 821 mg·m−3 (average 569 mg·m−3). Also, the range of changes in NO and NOx concentrations was wide, from 204 to 621 mg·m−3 (average 347 mg·m−3) and from 314 to 960 mg·m−3 (average 537 mg·m−3), respectively. Momentary values of dust concentration ranged from 183 to 456 mg·m−3, with an average value of 291 mg·m−3. Such a wide range of changes and high concentration values indicate low stability of the combustion process and the phenomenon of incomplete combustion. The tested parameters do not meet the Ecodesign Directive.




3.6. 100% Manure Pellets


The combustion parameters of manure pellets (100% manure pellets) were by far the worst in comparison with the combustion of mixtures of this fuel with wood pellets. The average boiler power decreased to almost half of the nominal maximum power, amounting to 7.8 kW (average efficiency was 92.4%). The oxygen content in the exhaust gas increased significantly, on average 11.61% (from 9.32% to 12.57%), and the air–fuel ratio ranged from 1.79 to 2.48, with an average of 2.18. This resulted in a decrease in the average temperature in the combustion chamber to 368 °C and a decrease in the average flue gas temperature to 97 °C. These parameters were not only due to the reduced calorific value of manure pellets; they were also related to the phenomenon of incomplete combustion for most of the test. This was evidenced by a very high concentration of CO from 506 to 2920 mg·m−3 (on average 1548 mg·m−3), which is more than three times higher than the Ecodesign standards and almost 10 times higher than the average concentration of particulate matter equal to 482 mg·m−3 (from 295 to 637 mg·m−3). This indicates problems with the oxidation of CO to CO2 and poor stability of the combustion process [7,10].



There were minimal changes in the average concentration of nitrogen oxides, which was comparable to the mixtures: 50% wood pellet and 50% manure pellet and 25% wood pellet and 75% manure pellet. The average concentration of NO was 355 mg·m−3 (from 214 to 485 mg·m−3), and for NOx, it was 554 mg·m−3 (from 382 to 798 mg·m−3) (Figure 7). This is most likely related to the poor mixing of fuel with oxygen caused by the formation of a large amount of dust resulting from the high ash content in manure pellets, the reduced temperature in the combustion chamber and the presence of relatively large amounts of hydrocarbons limiting nitrogen oxidation [56,62]. The obtained results indicate high concentrations of air pollutants in the flue gases, and thus, they are not compliant with the Ecodesign Directive as the main source of energy.




3.7. Summary of Tests


The summarized results of combustion parameters for all measurement series are shown in Table 3. The presented below values are the arithmetic mean value on momentary reads in each series.



The concentrations of analyzed air pollutants are shown in Figure 8, Figure 9, Figure 10 and Figure 11. They presented the average values of air pollutants concentration with error bars (standard deviation).



Based on the measured and calculated data, we observed the changes across all the analyzed parameters. Most of these were connected to each other. The boiler power decreased with the increasing of manure pellets in combusted mixture because of the lower calorific value of the mixture. In addition, during burning, the pellets with higher ash content emitted more dust, what made the contact between the fuel and oxide difficult. To avoid the extinguishing of fire in boiler chamber, the air ratio was increased. Despite this, the temperatures of the combustion chamber and flue gas systematically lowered. This might be caused by slug formation, whose insulating properties limited the boiler efficiency. These phenomena contributed to negative changes in air pollution concentrations. The higher nitrogen and ash content in the combusted mixture and the not well mixed fuel and air might result in increasing the NO, NOx, CO and dust concentrations. The changes of air pollutants concentration were like the results of published studies for the combustion and co-combustion of agricultural biomass. Juszczak [63] measured the concentrations of CO, NO and NOx in the flue gas during the firing of a mixture: 100% sunflower husks, 70% sunflower husks and 30% wood pellets, and 50% sunflower husks and 50% wood pellets. The concentrations of all measured air pollutants decreased with the increasing of wood pellets in the tested mixture. The CO concentration for 100% sunflower husks was from 2.4 to 5.3 times higher than that for the mixture of 50% sunflower husk and 50% wood pellets depending on the feeding ratio. Also, the NO and NOx concentrations, comparing the same fuel mixture, were 1.1–1.6 and 1.3–1.4 higher, respectively. The decreasing content of wood pellets in the mixture caused the increase in air–fuel ratio and the lowering of the boiler power. Pałaszyńska et al. [64] combusted the mixture of wood pellets and coffee husks in the following proportions 100:0, 70:30 and 30:70. During the test, the CO, NO and NOx concentrations in the flue gas were analyzed. The addition of agricultural biomass to the fuel caused a several-fold increase in the concentration of pollutants. Wasilewski et al. [65] compared the GHG concentration during the combustion of wood pellets and rape strow pellets. The NOx concentration for wood pellets was 41.1 pmm and it was 2.9 times lower than for rape straw pellets—119.2 ppm.



Agricultural biomass, including animal manure, given the relatively high C content, high heating value, low heating value and availability, seems to be an attractive fuel, especially in the perspective of decarbonization of Europe and the search for cheap and available renewable fuels. However, they are considered by many researchers to be a “difficult” fuel [65]. This is mainly due to the chemical composition, which differs significantly from wood biomass, featuring an increased nitrogen content and high ash content. Moreover, low attractiveness is also caused by fears of slag, dirt, chlorine corrosion, ash clumping and deposition in the combustion chamber, which hinders the fuel combustion process. These phenomena are undoubtedly undesirable; however, their occurrence is not obvious, as it is largely determined by the ash composition and melting tendencies [22]. These observations confirm the results of research on the use of animal manure as fuel in the combustion process. Cattle and pig manure is still less recognized as a fuel than chicken manure. Nevertheless, the use of local cattle manure may be a promising source of energy for rural communities [66,67].



Lundgren and Pettersson [68] conducted experiments to use horse manure and wood chips as fuel for heat production in Sweden. Biomass consisting of wood chips and horse manure, where wood chips typically accounted for 40–80% by weight, was a fuel for a 250 kW heating plant connected to the local district heating network. The moisture content in the studied fuel mixture ranged from 45 to 65%. During the tests, the boiler operated for 4 to 15 h at an average heat output of 150 kW. CO and NOx emissions were typically in the range of 30–460 mg·m−3 and 149–372 mg·m−3 at 10% vol. O2, respectively. These results were like the results of this study for the mixtures: 50% wood pellet and 50% manure pellet and 25% wood pellet and 75% manure pellet. Vamvuka and Alloimonos [69] made combustion tests in laboratory conditions in a fluidized bed reactor. The fuel consisted of mixtures in different proportions of olive pruning and solid fraction of swine slurry. A higher content of nitrogen was noted in animal feces, which also resulted in quite high concentrations of toxic NOx and CO. During burning a 100% solid fraction of swine slurry, they were 312–452 mg·m−3 and 921–1589 mg·m−3, respectively. It was also observed that with the increased share of animal manure, the temperature of the bed decreased, which is consistent with the results of this work. Puustinen et al. [70] described the Finnish combustion tests of a mixture of sawdust and horse manure using a 40 kW stoker feed furnace produced by Säätötuli Oy. Two type of horse manures were tested, differing in bedding material: sawdust or peat. Measurements of gases and dust concentration were carried out for a fuel mixture consisting of 40% horse manure and 60% sawdust or peat. The following results were obtained for the mixture of horse manure and sawdust: NOx 340 mg·m−3, CO 320 mg·m−3 and dust 120 mg·m−3, and for the fuel consisting of horse manure and peat, the quantities were 520 mg·m−3, 1700 mg·m−3 and 230 mg·m−3, respectively. Their results are also similar to those of this work. Szymajda et al. [52] investigated the possibility of using cow dung pellets as a fuel. Combustion tests were carried out at the Low Emission Technologies Laboratory stand, where the main device was the 25 kW UnicaVentoEko. During the experiment, approx. 10 kg of cow dung pellets was burned, and the content of NO, NOx and CO in the flue gases was measured. The obtained results indicate high concentrations of 253 mg·m−3, 387 mg·m−3 and 855 mg·m−3, respectively. The air–fuel ratio was 2.17.



Summarizing, the results of this work are similar to the results of published papers using animal manure as fuel in the combustion process. The same problems have been observed mainly due to the chemical composition of these fuels. Concentrations of CO, NO, NOx and dust were higher than the maximum concentrations from the Ecodesign Directive. The biggest problem is the high nitrogen content, which does not allow even a few percent content of manure pellets in the fuel mixture with wood pellets.





4. Conclusions


The results of the study and analysis of the co-combustion and combustion processes of manure pellets can be formulated in the following conclusions:




	-

	
Manure pellets characterized by higher moisture—9.2%, lower high heating value—17.25 MJ·kg−1, lower low heating value—16.45 MJ·kg−1 and higher ash content—11.23%, than wood pellets (6.4%, 19.51 MJ·kg−1, 19.07 MJ·kg−1 and 0.39, respectively).




	-

	
The average boiler power during the combustion of 100% wood pellets was 13.6 kW (air–fuel ratio 1.48), and it was close to the nominal maximum power, and the average concentrations of CO, NOx and dust were lower than the values required by the Ecodesign Directive, and they were 198 ± 27 mg·m−3, 198 ± 8 mg·m−3 and 8.7 ± 0.5 mg·m−3, respectively. The NO concentration was on average 129 ± 5 mg·m−3.




	-

	
Increasing the share of manure pellets in the burning mixture worsened the stability of the combustion process, and the occurrence of incomplete combustion was observed, which resulted in an increased concentration of CO and dust. Additionally, NO and NOx concentrations also increased.




	-

	
The average boiler power during the combustion of 100% manure pellets was 7.8 kW (air–fuel ratio 2.2), and the average concentrations of CO, NO, NOx and dust were 1548 ± 555 mg·m−3, 355 ± 53 mg·m−3, 554 ± 88 mg·m−3 and 482 ± 63 mg·m−3, respectively.









Nowadays, manure pellets do not meet European emission standards, so they cannot be used as the main fuel in the combustion process. Further research of the energy use of animal manure should focus on methods other than direct combustion using manure pellets or try to optimize the combustion of manure pellets in various combustion technologies, which may provide a more environmentally friendly perspective of its use as fuel.
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Figure 1. The scheme of measuring stand. 
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Figure 2. Tested fuel: wood pellet (a), manure pellet (b), mixture of wood and manure pellet in ratio 1:3 (c). 






Figure 2. Tested fuel: wood pellet (a), manure pellet (b), mixture of wood and manure pellet in ratio 1:3 (c).



[image: Energies 16 06691 g002]







[image: Energies 16 06691 g003] 





Figure 3. Concentration of CO, NO, NOx and dust during combustion of 100% wood pellets. 
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Figure 4. Concentration of CO, NO, NOx and dust during combustion mixture of 75% wood and 25% manure pellets. 
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Figure 5. Concentration of CO, NO, NOx and dust during combustion mixture of 50% wood and 50% manure pellets. 
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Figure 6. Concentration of CO, NO, NOx and dust during combustion mixture of 25% wood and 75% manure pellets. 
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Figure 7. Concentration of CO, NO, NOx and dust during combustion of 100% manure pellets. 
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Figure 8. Concentration of CO during tests. 
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Figure 9. Concentration of NO during tests. 
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Figure 10. Concentration of NOx during tests. 
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Figure 11. Concentration of dust during tests. 
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Table 1. MRU Vario Plus flue gas analyzer technical data.
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	Measured Values
	Measuring Range
	Measurement Accuracy





	O2
	0–21 Vol%
	±0.2 Vol% abs.



	CO
	0–4%
	±0.02% or 5% of reading



	NO
	0–1000 ppm
	±5 ppm or ±5% of reading



	NOx
	0–200 ppm
	±10 ppm or ±5% of reading










 





Table 2. Characteristics and chemical composition of the tested fuels.
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	Parameter
	Wood Pellet
	Manure Pellet





	Maximum humidity (%)
	6.4
	9.2



	High heat value (MJ·kg−1)
	19.51
	17.25



	Low heat value (MJ·kg−1)
	19.07
	16.45



	Length (mm)
	5–35
	5–40



	Diameter (mm)
	8
	8



	Density (kg·m−3)
	1110
	1215



	Ash content (%)
	0.39
	11.23



	Carbon content (%)
	50.1
	36.2



	Nitrogen content (%)
	0.22
	2.31



	Hydrogen content (%)
	6.12
	4.51



	Sulfur content (%)
	0.09
	0.21



	Chlorine content (%)
	0.54
	0.92










 





Table 3. The results of all measurement series.
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Parameter

	
Mass Ratio of Wood and Manure Pellets (%)




	
100:0

	
75:25

	
50:50

	
25:75

	
0:100






	
Power (kW)

	
13.6

	
12.4

	
12.2

	
10.8

	
7.8




	
Boiler efficiency (%)

	
94.5

	
94.3

	
93.5

	
93.1

	
92.4




	
Oxygen content (%)

	
6.8

	
7.1

	
7.7

	
8.8

	
11.6




	
Air–fuel ratio (-)

	
1.48

	
1.52

	
1.58

	
1.66

	
2.18




	
Chamber temperature (°C)

	
612

	
616

	
575

	
567

	
368




	
Flue gas temperature (°C)

	
145

	
138

	
132

	
122

	
97
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