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Abstract

:

This research work presents the results of studies on the effect of modifiers comprising the salts CuSO4·2H2O, NaCl, NH4Cl, MgSO4·7H2O, CaCl2, and urea at various concentrations on the combustion of fine coal. The tests were carried out in a 12-kW laboratory boiler equipped with a rotary-grate retort furnace. The emission levels and concentrations of CO, CO2, SO2, NOx, and TOC in the flue gas were measured using analyzers. A modifier composed of 350 ppm Cu, Na, Mg, NH4+, Ca, and urea showed particularly high activity in the combustion of fine coal. The flue-gas levels of CO, NOx, and SO2 were reduced by approximately 9%, 12%, and 10%, respectively, in comparison with the modifier-free sample. In this case, the boiler efficiency also increased from 65% in the tests with no modifier to 76% in the tests with the modifier. The proprietary application system, enabling the modifier to be added in exact amounts to the variable flow of fine coal, is also described. It was found that the use of the modifier in coal combustion tests results in lower emissions of harmful fuel components, a higher amount of heat obtained from the fuel unit mass, lower corrosive impact of the fuels, lower boiler maintenance costs, and extended service life.
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1. Introduction


During the last few decades, the global population has nearly doubled. Consequently, energy consumption has increased considerably, in particular in connection with the latest technological developments. Though useful and comfortable, they are based on the limited and unsafe structures of energy generation, including fossil fuels, such as coal, petroleum, and gas [1,2]. The combustion of conventional sources of energy releases harmful substances, including SO2, NOx, and CO, as well as ash and dust particles. Wherever coal is used for generating energy, air and water pollution is much higher than the maximum permissible levels. Everywhere in the world, it is considered a fact that coal mining and the use of coal as a source of energy have an adverse environmental impact both locally and globally [3].



More than 38% of electric energy generated globally is based on coal [4,5]. Low costs of coal mining combined with high reserves of the raw material make it an attractive source of energy in emerging markets, such as India or China [6]. The total energy consumption in China was 3.164 million TCE (ton of standard carbon equivalent) in 2018 [7]; this was approximately 54% of the energy consumption in Asia and nearly one-fourth of the global consumption of energy [8]. However, China also generates the highest amount of CO2 in the world: In 2107, its share in global emissions was 27.21% [9]. The opposite trend is seen in developed countries, tending to increase the percentage of renewable energy in their total national consumption of energy. The share of renewable energy sources in global energy production was 26% in 2018, which is 0.8% more than one year before [9].



In Poland, even as much as 80% of electric energy is still based on coal, including brown coal [10]. Looking at the latest investments in the power engineering industry in Poland, such as new power units in power plants, as well as the national energy policy, it seems that coal will continue to be the essential raw material in the generation of electric energy in Poland [10,11].



The growing mechanization of coal mining leads to an increased efficiency of the production of fine coal (grain size 0–20 mm). Small coal has a high content of sulfur; therefore, its direct combustion is a serious source of environmental pollution. Reasonable utilization of fine coal is important for sustained development in power engineering [12].



Direct coal combustion is a commonly used technology in the production of electric and thermal energy. There are essentially two coal combustion techniques: Bed combustion and suspension combustion. According to the former technique, coal is fed onto a fire grate and the combustion type depends on the directions of flow of the fuel and of the air. This type of combustion takes place in a stoker. The latter type, taking place in a fluidized bed, is a process in which suitably prepared solid particles are suspended in a uniformly distributed upward flow of the fluid. These are high efficiency devices, capable of attaining heating capacities as high as 135 tons of steam per hour [13].



Stoker furnaces are the oldest and the most commonly used devices for industrial coal bed combustion. In these devices, crushed coal (typically, 95% particles below 32 mm and 20% to 60% below 6 mm) is fed onto the stoker where primary air flows upward through the coal bed. The crushed coal pieces are heated, dried, degassed, and combusted, leaving ash at the bottom of the bed. A layer of ash is formed, which protects the stoker from excess heat. The temperature in the coal bed depends on the rate of combustion, type and size of the coal particles, and on the coal bed thickness. Any volatile components and carbon monoxide formed during the incomplete combustion of coal are burned above the fuel bed, into which secondary air is injected to facilitate combustion. The energy requirements of the stoker furnaces are low but losses of fuel in such devices are significant [14].



In the suspension combustion technology, fine coal is thoroughly mixed with air. This takes place in pulverized-coal furnaces or in cyclone furnaces. In the pulverized-coal furnaces, the coal is taken along with the flowing air. In the cyclone furnaces, the coal particles whirl in the air flow [13].



In the pulverized-coal furnaces, the whole furnace capacity is used for the combustion of solid fuels. Coal is ground to fine particles before being mixed with air and combusted in the flue gas flow. This fuel can also be mixed with biomass or other materials [15]. This is definitely the most commonly used technique of coal combustion. It eliminates the need to use the supporting stoker and the limitations inherent in the equipment. It also enables satisfactory combustion of virtually any grade of coal [16]. Moreover, these devices release much more heat per unit volume of the boiler; therefore, they are used for generating steam in high-capacity applications, above 135 t/h. Pulverized-coal furnaces can be made compatible with steam turbines of capacities ranging from 50 to 1300 MWe. They have the essential advantage of being highly reliable and adaptable to all coal grades; they are also fully automated and can be extended to form larger units. Their disadvantages include high energy consumption in the coal crushing step, and high emissions of solid particles, SO2, and NOx [17].



Cyclone furnaces are another example of a conventional combustion technology. These devices are able to handle larger coal particles (6 mm) in the form of suspension. Moreover, during combustion, they generate considerable amounts of heat, even as high as 20,000 MJ·hm−3, whereas dry and wet boilers (pulverized-coal boilers) generate a maximum of 5800 and 15,600 MJ·hm−3, respectively. Owing to centrifugal forces and the presence of molten slug on the walls, corrosion caused by volatile ash is much lower in a cyclone furnace than in other combustion systems. However, this type of combustion promotes the formation of excess NOx [18].



The fluidized-bed combustion technology is one of the essential and most recent achievements in coal combustion [19]. The technology has many uses in power engineering, metallurgy, the chemical and pharmaceutical industries, and in other industries [20]. The principal advantage of fluidized-bed combustion is that high indicators of heat exchange in the bed are obtained, which enables more compact units to be designed. This, in turn, is connected with lower investment and depreciation costs. Furthermore, the fluidized-bed technologies are characterized by higher combustion efficiencies, higher emissions of heat, up to 3 MW/m² of the bed surface area, and the rate of corrosion affecting the furnace is lower. Since coal combustion takes place at much lower and more evenly distributed temperatures (below 1000 °C), NOx emissions are lower and the use of sorbents to handle sulfur in the bed enables a considerable reduction of SO2 emissions [21]. On the other hand, the technologies have certain drawbacks: Rather high amounts of solid residue (some of which require special disposal techniques), higher ash level of coal in comparison with the pulverized-coal boiler, and the formation of more N2O, because of lower combustion temperatures.



A growing demand for energy generated from coal and natural gas leads to the depletion of coal reserves. As in all fossil fuels, the reproduction of coal resources is a very lengthy process. Environmental issues related to harmful emissions of the products of fossil fuel combustion are also important. That is why alternative fuels are sought. Technologies for fluidized-bed fuel combustion are also useful in the case of alternative fuels (for instance, biomass), which may cover part of the demand on fossil fuels [22].



Coal, which is the essential feedstock in the production of energy, is composed mainly of carbon, sulfur, oxygen, hydrogen, a small amount of nitrogen, and traces of heavy metals. Its combustion as fuel is a source of emissions of toxic gases [23], leading to human health effects as well as environmental issues [24]. High environmental pollution, which is generated by coal-fired power plants and boilers, is the main reason why the problem of high emissions of contaminants has for some time been addressed by researchers [25].



Since coal, including fine coal, is so widely used for energy production, many types of modifiers have been developed to help reduce the noxiousness of its combustion.



A great variety of modifiers have been designed to improve the conditions of coal combustion as fuel. A majority of these modifiers help to keep the boiler heat surfaces clean and to reduce NOx and SO2 emissions and the non-burned organic residue [26]. They are typically carried into the furnace chamber as a bulk material or emulsion. Chmielewski et al. in their research work introduced ammonia gas before the reaction chamber or, in the case of ammonia water, directly into the flue-gas wetting column [27]. In the method reported by Doggalia et al., the catalyst was introduced as a powder, with a grain size < 100 µm [28].



The most widely used modifiers of solid fuel combustion are copper compounds and sodium chloride. The introduction of NaCl into the system has a favorable effect on the coal combustion process. A dose in the range 7–8 g NaCl/m2 of the furnace area is found to be optimum. The modifier was found to improve the heating capacity and reduce the environmental emissions of CO and NOx. In addition, it helped to decrease the air excess factor (related to the air supplied into the combustion chamber) and to reduce the flue-gas heat losses by approximately 12% [29]. In the conditions prevailing in the combustion chamber, sodium chloride is partly decomposed into hydrogen chloride and sodium oxide. Hydrogen chloride reacts with oxides in the solid residue, leading to the formation of metal chlorides, which are easily removed from the system in comparison with sintered oxides. The use of ammonium chloride will protect the heating system against low- and high-temperature corrosion. On the other hand, NH4Cl is a source of chlorine in the synthesis of toxic pollutants, including dioxins. Sui et al. studied the effect of NaCl and Na2CO3 on the emissions of particulate matter and NOx during coal combustion [30]. Their results indicate the superiority of Na2CO3 as a modifier based on the fact that it reduced the emission of both NOx and particulate matter.



Liu et al. [31] studied the impact of NaCl, CaCl2, FeCl3, FeCl2, and Fe2O3 on SO2 reduction in the combustion of coal, with a grain size < 100 μm. Their dosage was 6% by the weight of coal. The studies indicate that SO2 emission was 32% lower after addition of CaCl2 and 14% to 18% lower (depending on the combustion rate) after the addition of NaCl.



Yu et al. studied the influence of organic and inorganic modifiers on the combustion of three coal types: Long flame, bituminous, and anthracite. The authors used three types of modifiers, an ammonia-free gel composed of sodium silicate and a self-made protonic acid coagulant, MgCl2, and an antioxidant, and found out that MgCl2 had a better inhibitory effect on coal oxidation in the early stages than in the later stages of the process. In the case of the antioxidant, inhibition was better in the later stages of oxidation. In contrast to the above, the ammonia-free gel was observed to have an excellent inhibitory effect on the whole process of coal oxidation [32].



Coal is and will continue to be the principal raw material in energy production in the predictable future in Poland. Therefore, an attempt was made to improve its combustion. The present work shows the results of fine-coal combustion tests, carried out in the presence of various modifiers based on compounds comprising copper and metals from Groups I and II of the periodic table. The additives were selected on the basis of the available literature and the results of our studies on the impact of monomodifiers containing individual salts of Cu, Na, Mg, and NH4+ on coal combustion as fuel [33]. The present paper shows the results of studies on the impact of a mixture of these salts as well as Ca salts and ammonia on the combustion of fine coal. The technique by which the modifiers were introduced into the solid fuel flow was also an important aspect of the studies. The authors used their proprietary application system combining exact modifier doses with the varying fuel flow before feeding it into the test boiler.




2. Materials and Methods


2.1. Materials


Long-flame type IIA fine coal was used in the combustion tests. Its physico-chemical parameters are shown in Table 1.



Prior to the tests, the fuel was homogenized, and representative samples were taken for elemental analysis and commercial chemical analysis.



Samples of the modifiers were prepared using the salts: CuSO4·2H2O, NaCl, NH4Cl, MgSO4·7H2O, CaCl2, and urea. The fine-coal combustion modifier was an aqueous solution containing 25% m/m of salt [34].




2.2. Equipment and Methodology


The testing stand, in these studies on the impact of modifiers on fine-coal combustion, consisted of a 12-kW boiler (Model EKR-12, Simar, Pleszew, Poland) and a boiler testing system. A diagram of the coal boiler test system is shown in Figure 1.



The essential components of the test system are: Boiler with fuel bunker, a 1000-dm3 buffer, circulation pump, fuel tank, modifier application system, a set of heat exchangers with coolers which dissipate energy out of the structure, and analyzers handling CO, CO2, SO2, NOx, and TOC. The boiler was equipped with a rotary-grate retort furnace, an aeration system based on a 0.8-kW fan, and air ducts, which were part of the fuel feeding system. It was also provided with an automatic fuel feeder, adapted to handling fine coal.



The modifier was introduced into the fuel flow using a dedicated application system. Its design enables the preparation of a fuel-modifier mix at exact ratios, according to Formula (1):


    m ˙   P K   =   m ˙  P  +   m ˙  K  ,  



(1)




where     m ˙   P K     is the fuel-modifier mass flow,     m ˙  P    is the fuel mass flow, and     m ˙  K    is the modifier mass flow as a function of the fuel mass flow and parameters that are specific to a given type of modifier.



The emissions and concentrations of gaseous pollutants in the flue gas were measured by means of Photon gaz (Madur, Zgierz, Poland) and Ultramat U23 (Siemens, Karlsruhe, Germany) analyzers with online monitoring of CO, CO2, SO2, and NOx levels. Total organic carbon (TOC) in the flue gas was measured using a OVF-3000 analyzer (J.U.M. Engineering, Karlsfeld, Germany). The flue-gas dust levels were measured gravimetrically, using an assembly drawing the test samples isokinetically from the flue gas.



During the tests, the fine-coal samples with or without the modifiers were added into the boiler after spraying them with an aqueous solution of the modifier. The modifier concentrations in the test samples were between 100 and 350 ppm in terms of metal cation and ammonium cation.



The fine-coal combustion tests were started with the test samples containing no modifier. The test results were compared with those obtained in the combustion tests carried out with the modifiers. The measurements were based on constant fuel consumption and constant air supply for the combustion process. The fuel combustion tests were carried out with or without the modifiers. The fuel samples were fed into the boiler bunker using a transporter. In the tests with the modifier, the fuel was sprayed with the modifier on its way into the bunker; the modifier level corresponded to the assumed metal concentration ranging from 100 to 350 ppm. The boiler operating parameters were as follows: Temperature of feed water was 78 ± 0.2 °C, temperature of return water was 72 ± 0.2 °C, flow rate of the water was 1.205 ± 0.003 m3/h, and the air excess factor was 3.



The combustion tests were carried out in accordance with the requirements for boiler efficiency tests, as stated in the standard [35]. The essential flue-gas parameters, which were monitored during the measurements, included: Temperature, static pressure in the chimney, and the concentrations of oxygen and pollutants (dust and gases), specifically CO, sulfur dioxide, and nitrogen oxides (NO and NO2). The total organic carbon level (TOC) in the flue gas was found using a JUM Engineering analyzer, model OVF-3000, with a continuous flame-ionization detector (FID), capable of handling volatile organic compounds. The fuel combustion efficiency was assessed directly from the balance of Formula (2):


   η k  = 100 −   ∑  i   S i  .  



(2)







Relative heat losses, Si, are defined as the ratio of the absolute heat loss, Qi, in kJ/kg of fuel and the calorific value of the fuel, Wu, in kJ/kg of fuel (Formula (3)):


   S i  =    Q i     W u    · 100 .  



(3)







The fine-coal combustion test samples were assigned the following symbols: M0—no modifier; M1, M2, M3, and M4—modifier containing Cu, Na, Mg, and NH4+ in the amounts of 100, 200, 250, and 350 ppm, respectively; M5 and M6—modifier containing Cu, Na, Mg, NH4+, and Ca in the amounts of 250 and 350 ppm, respectively; M7—modifier containing Cu, Na, Mg, and NH4+ in the amount of 350 ppm and urea; and M8—modifier containing Cu, Na, Mg, NH4+, and Ca in the amount of 350 ppm and urea.



An analysis of the efficiency of the use of modifiers of solid fuels in boilers operated in power plants is also provided in this paper. It was calculated using the following formula (Formula (4)):


  OP =  (   (  IW − OK  )  × MS + OK  )  × CT ,  



(4)




wherein:




	
OP = total fuel savings, USD;



	
IW = combustion of coal with the catalyst, tons;



	
MS = savings resulting from the use of a control and supervision system, %;



	
OK = coal savings on catalyst (IW∗PS), tons;



	
PS = fuel savings due to the catalyst, %; and



	
CT = cost of 1 ton of coal, USD.








The savings resulting from the use of the control and supervision system were calculated based on the number of tons of coal, corrected for the efficiency attributed to the catalyst. The result is the saved number of tons, multiplied by the price of 1 ton.





3. Introduction of the Modifiers into the Fine Coal Flow


The application of modifiers in solid-fuel combustion is a commonly used practice in power engineering both in Poland and in other countries. A variety of modifiers are introduced into the fuel to improve its combustion conditions by keeping the heat exchange surfaces clean and reducing the emissions of NOx and SO2, soot, and CO.



Instrumentation solutions, enabling the exact dosage of modifiers into the fuel mix entering the combustion chamber, are an essential component of the modifier application systems used with solid fuels. They are also useful in assessing measurable energy results for use in settling accounts with potential consumers. The automated dosage system enables the modifier to be added at controlled flow rates, depending on that of the fuel mix and on the expected fuel modifier level, Figure 2.



For a higher dosage precision, the modifiers were used in the form of aqueous solutions, which are more easily applied by spraying them onto the fuel before it is fed into the boiler. The concentration of active modifier components was selected so as to keep the consumption of the aqueous solution in the range 2–3 dm3 per 1 Mg of coal.



The obtained ecological and energy results of the use of modifiers were assessed using the existing instrumentation infrastructure and temporary instruments installed on the boiler for the duration of the tests. The modifier dosage system can be controlled using a computer with storage of the measurement data.



The advantages of modifiers in coal combustion as fuel are connected with the invariably high boiler efficiency, its extended operation, and reduced maintenance costs. Owing to reduced levels of hydrocarbons in the off gas and lower amounts of residue in the combustion chamber, the fuel combustion is more efficient and the deposition of non-combusted particles in the combustion chamber is prevented. The overall results include improved boiler efficiency, reduced emissions of harmful gases into the atmosphere, and a lower corrosive effect of flue gas.



The economic result of the use of modifiers is related to the higher amount of heat being obtained per mass unit of fuel, improved boiler performance, reduced maintenance costs, and lower environmental fees.



Accounts with consumers will be settled in an innovative way; this is an important issue in the commercial implementation of the system. The modifiers will be supplied to the consumers at cost to the manufacturers. Payment for the application of the system will constitute 20% to 30% of the calculated results of fuel combustion. This will help minimize the risk taken by energy producers and the company implementing the fuel combustion efficiency system will seem to be more credible.




4. Results and Discussion


The fine-coal combustion test results were carried out on samples with either no modifier or with a modifier comprising Cu, Na, Mg, and NH4+. In [33], these authors described the impact of monometallic modifiers comprising the salts of Cu, Na, Mg, or NH4+ on the combustion of coal (eco-pea) as fuel. The results reported therein show the impact of the respective monometallic modifiers on the atmospheric emissions of harmful compounds. The modifiers used in the fine-coal combustion tests as described in this paper were polymetallic modifiers comprising a mixture of the above-mentioned salts as well as extra components, Ca salts and urea.



Figure 3 and Figure 4 show the results of the flue-gas analysis and the value of boiler efficiency determined in the fine-coal combustion tests with the polymetallic modifier comprising a mixture of metal compounds, at the following concentrations: 100, 200, 250, and 350 ppm.



Averaged results of the measurements of pollutant concentrations in the various measurement series (in combustions tests with or without a modifier) were converted to mg/m3 for a fuel-gas oxygen level of 10%. Based on these, a percentage change in concentration, resulting from the use of the fuel with or without a modifier, was obtained for the various pollutants.



The modifier containing Cu, Na, Mg, and NH4+ in the amount of 100 ppm demonstrated a rather low activity, only slightly reducing CO and NOx emissions in the flue gas. The TOC level in the flue gas was slightly lower and the ash weight was also determined. On the other hand, the flue-gas SO2 level was slightly higher, in comparison with the test sample with no modifier.



An explicit impact of the modifier, reducing CO and SO2 emissions, was observed starting from the concentration of 200 ppm. The highest activities were observed for the modifier concentrations of 250 and 350 ppm. The levels of the components of interest in the flue gas decreased with increasing modifier concentrations, and the highest activity was observed for the modifier used at a concentration of 350 ppm. In this case, the boiler efficiency, as measured by the direct method, was high. Only the level of SO2 was similar to that for sample M3, in which the modifier’s concentration was 250 ppm.



Representative results of measurements of the content of oxygen, carbon dioxide, and carbon(II) oxide for a sample with M3 are shown in Figure 5. The dotted lines denote the exact moments when the fuel-modifier mix was fed to the boiler. A marked drop in oxygen levels from ab. 13% to ab. 11% was noted and was accompanied by an increase in the concentration of carbon dioxide. In the specific conditions of the combustion test, the addition of a modifier also resulted in lower levels of carbon(II) oxide in the flue gas, which is to be interpreted as lower losses on incomplete combustion.



The results of these measurements reflect the various stages of the test combustion process. This is especially clear in the case of CO, for which the following stages can be seen: Lighting, stabilization of combustion in the boiler using a fuel without a modifier (a clearly higher value of average CO levels), burning of fuel with a modifier (lower value of average CO level), and the stage of burnup and burnout of the boiler with the fuel without a modifier (again, higher average CO level).



Measurements of TOC in the flue gas (Figure 6) were conducted at the same time. It was observed that the TOC level was reduced during the combustion of the fuel with the modifier, and the process running with or without a modifier also comprised well-defined stages.



The results of the fine-coal combustion tests with or without the Cu, Na, Mg, and NH4+ modifier and with the modifier with the addition of Ca at a concentration of 250 ppm are shown in Figure 7 and Figure 8.



Addition of Ca into the modifier (sample M5) was found to have an undesirable effect on CO, NOx emissions in comparison with M2. On the other hand, these emissions were lower than those for sample M0 without the modifier. Ca was found to reduce the flue-gas level of SO2. The advantages of reducing SO2 levels in the combustion tests carried out on coal, with a grain size < 100 µm, was described by Liu et al. in [31]. According to those authors, SO2 emissions were reduced by as much as 32% after the addition of CaCl2 and by 14% to 18% (for various combustion rates) after the addition of NaCl. In that case, an additive comprising NaCl, CaCl2, FeCl3, FeCl2, and Fe2O3 was added into the fuel in the amount of 6% of the coal feed, which was much more than the level used by these authors in their own tests.



In addition, higher boiler efficiency, lower TOC levels in the flue gas, and lower ash weights than those for M0 and M2 were obtained.



Figure 9 and Figure 10 show the results of the fine-coal combustion tests without a modifier and with the M4 modifier as compared with those of the tests with modifiers with added Ca or urea or Ca plus urea at the modifier concentration of 350 ppm.



The results of fine-coal combustion tests, carried out using 350 ppm of the M4 modifier, confirm the advantages of increasing the concentrations of a modifier comprising Cu, Na, Mg, and NH4+ on the reduction of harmful emissions of combustion products, as shown in Figure 3. As in the combustion test with 250 ppm, the introduction of calcium into the M4 modifier (sample M6) led to higher flue-gas levels of CO and a slight decrease in the concentration of SO2, compared with the combustion tests with or without the M4 modifier.



In the sample where Ca was replaced with urea (M7), the flue-gas level of CO was higher than that for the M4 sample (Figure 9). In that case, the addition of urea, regarded as an extra source of ammonia, led to higher flue-gas levels of CO. The obtained results are similar to those reported by Yu et al. in [32]: The authors found that the addition of ammonia resulted in higher flue-gas levels of NOx. A similar effect of the addition of ammonia on coal combustion was described by Fan et al. in [36]. They demonstrated that, when injected into coal dust, ammonia was able to reduce NOx levels, although this took place only at extremely low oxygen levels. A particularly desirable impact on the combustion of fine coal was observed for the M8 modifier, comprising both Ca and urea.



The ash level of organic carbon in the samples with the modifiers was reduced. As a result, the amount of ash was much lower than that for the M0 sample with no modifier (Figure 10). The modifier also had a desirable effect on the boiler efficiency. The addition of calcium and urea into the M4 modifier, resulting in M6 and M7, respectively, was found both to improve the boiler efficiency and to reduce the amount of ash and the TOC percentage of ash. Particularly desirable results were obtained in the sample M8: The boiler efficiency was as high as 76%; that is, some 11% more than that in M0 with no modifier, and 9% more than that in M4.



The consumption of coal for heating purposes in all facilities in Poland is estimated to be 25 to 30 million ton/year. Energy efficiency figures for different system capacities are shown in Table 2. The use of solid-fuel modifiers is cost effective only in heating plants and CHP plants with capacities above 2 MW. Below that capacity, the modifier installation may be too expensive to guarantee a good enough return on the investment. It is assumed that, in addition to the modifier, a control and supervision system will be implemented for energy efficiency calculations. Its role is to improve the performance of energy generation and distribution. Assuming that savings due to the use of the catalyst are approximately 2% to 6% (depending on capacity) and those due to modernization are in the range 2%–8%, return on investment is expected to be reached after 3 years for big boiler systems and up to 5 years for smaller ones.



All ROI periods depend directly on the cost of the modifier installation and modifier type as well as on the technical condition of the boiler system and the cost of its modernization.



The benefits of the use of the catalyst are assessed based on the cost of 1 ton of coal, fuel savings due to the use of the catalyst (‘Fuel savings due to the catalyst’ in Table 2), and due to modernization. It is assumed that, in addition to the modifier itself, a control and supervision system will be used, which will provide a higher performance for energy generation and distribution (‘Fuel savings fuel due to modernization’). The figures in the ‘result’ column show the ratio of the ‘economic effect’ and the starting amount of the fuel fired in the system (‘cost of fuel per year, USD’).



In addition to energy efficiency, the use of the modifier also results in about 20% lower maintenance costs. This is related, among other things, to the formation of less deposits and keeping the system in a generally better condition.




5. Conclusions


The combustion of coal-based fuels is a source of environmental emissions. These emissions of pollutants can be reduced by means of modifiers, which are introduced directly into the fuel. In this research work, the effect of modifiers, comprising the salts CuSO4·2H2O, NaCl, NH4Cl, MgSO4·7H2O, CaCl2, and urea at various concentrations, on the combustion of fine coal was investigated. In the fine-coal combustion tests, the modifiers were observed to have a desirable effect: Both CO and NOx levels in the flue gas were reduced. The modifier M4 at 250 ppm consisting of Cu, Na, Mg, and NH4+ was particularly active in reducing the CO and NOx levels. In this case, the minimum flue-gas level of TOC and the maximum boiler efficiency were also determined for the tests, carried out with no calcium and no urea. In addition, it was observed that after the addition of Ca and urea to the modifier, the boiler efficiency was even better.



It was observed that the higher the modifier concentrations in the fuel, the lower the pollutant emissions. Also, the flue-gas levels of ash and TOC were observed to decrease, resulting in better boiler efficiencies. A particularly high activity was observed for the modifier used at 350 ppm comprising of salts of Cu, Na, Mg, and NH4. After adding the Ca salt modifier and urea as extra components, the authors observed a higher reduction of undesirable flue gas components and higher boiler efficiencies. In the fine coal combustion tests in which the above modifier was used, the flue-gas levels of CO, NOx, and SO2 were reduced by approximately 9%, 12%, and 10%, respectively, compared with the no-modifier combustion test. In this case, the boiler efficiency increased from 65% in the no-modifier test to 76% in the tests with the modifier. The tests were carried out with the use of an application system designed by the authors: It enabled dosage of exact amounts of the modifier into a varied stream of fuel being fed into the boiler. The modifiers used in the fine coal combustion process also provided the benefit of improving the amount of heat generated per fuel unit mass, inhibiting the corrosive effect of fuel, reducing boiler maintenance costs, and extending its service life.



The use of the modifier with solid fuels is cost effective only in heat plants and CHP plants above 2 MW. In addition to the modifier itself, a control and supervision system must be used to assess cost efficiency and improve the efficiency of energy generation and distribution. Implementation of the solutions described in this paper will also help reduce boiler maintenance costs.
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Figure 1. Coal-fired boiler test system. 1—boiler, 2—fuel bunker, 3—water tank, 4—air heater, 5—fuel tank, 6—modifier tank, 7—spraying nozzle, 8—circulating pump, 9—transporter. 
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Figure 2. Modifier dosage into the coal fuel (V—modifier solution tank, p—pump, F—flow meter, NV and CV—valves, K1—connection to the fuel dosage system). 
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Figure 3. Results of the determination of CO, NOx, and SO2 levels in fine-coal combustion tests: M0—no modifier; M1—modifier concentration 100 ppm, M2—200 ppm, M3—250 ppm, M4—350 ppm. 
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Figure 4. Results of the determination of TOC, boiler efficiency and ash weight in fine-coal combustion tests: M0—no modifier; M1—modifier concentration 100 ppm, M2—200 ppm, M3—250 ppm, M4—350 ppm. 
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Figure 5. Results of measurement of O2, CO2, CO, NOx, and SO2 in the combustion of coal as fuel with the addition of M3 modifier. 
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Figure 6. Results of the determination of total organic carbon (TOC) in the combustion of fine coal with M3 modifier. 
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Figure 7. Results of the determination of CO, NOx, and SO2 levels in fine-coal combustion tests at a modifier concentration of 250 ppm: M0—no modifier; M2—modifier with Cu, Na, Mg, and NH4+; M5—modifier with Cu, Na, Mg, NH4+, and Ca. 
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Figure 8. Results of the determination of TOC, boiler efficiency, and ash weight in fine-coal combustion tests at a modifier concentration of 250 ppm: M0—no modifier; M2—modifier with Cu, Na, Mg, and NH4+; M5—modifier with Cu, Na, Mg, NH4+, and Ca. 
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Figure 9. Results of the determination of CO, NOx, and SO2 levels in fine-coal combustion tests at a modifier concentration of 350 ppm: M0—no modifier; M4—modifier Cu, Na, Mg, and NH4+; M6—modifier with Cu, Na, Mg, NH4+, and Ca; M7—modifier with Cu, Na, Mg, NH4+, and urea; M8—modifier with Cu, Na, Mg, NH4+, Ca, and urea. 
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Figure 10. Results of the determination of TOC, boiler efficiency, and ash weight in fine-coal combustion tests at a modifier concentration of 350 ppm: M0—no modifier; M4—modifier with Cu, Na, Mg, and NH4+; M6—modifier with Cu, Na, Mg, NH4+, and Ca; M7—modifier with Cu, Na, Mg, NH4+, and urea; M8—modifier with Cu, Na, Mg, NH4+, Ca, and urea. 
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Table 1. Physico-chemical parameters of fine coal.
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	Parameter
	Unit
	Value





	Calorific value
	MJ/kg
	22.6



	Grain size
	mm
	0–20



	Ash content, Ar
	%
	10.3



	Sulfur content, Sr
	%
	1.2



	Moisture content, Wr
	%
	Maximum 25
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Table 2. Calculation of cost efficiency.






Table 2. Calculation of cost efficiency.





	Average System Capacity, MW
	Coal Consumption per Year, Ton (IW)
	Average Price of Coal per Ton, USD * (CT)
	Cost of Fuel per Year, USD
	Fuel Savings Due to the Catalyst, % (PS)
	Fuel Savings Due to Modernization, % (MS)
	Economic Effect, USD (OP)
	Result, %





	3 MW
	1428.57
	120
	171,420
	6.00
	8.00%
	23,17610,285
	13.52



	10 MW
	4347.83
	115
	500,000.45
	5.00
	6.00%
	53,500
	10.70



	30 MW
	11,640.80
	100
	1,164,080
	4.00
	4.00%
	91,263.87
	7.84



	70 MW
	26,203.21
	95
	2,489,304.95
	3.00
	3.00%
	141,117.92
	5.91



	100 MW
	36,157.02
	90
	3,254,131.80
	2.00
	2.00%
	128,863.62
	3.96







* is the price in Poland, in USD.
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