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Abstract

:

Nitrogen oxides (NOx) from combustion contribute significantly to atmospheric pollution. An experimental setup was employed to investigate the application of three primary denitrification methods, i.e., reburning (staged combustion), overfiring air (OFA), and flue-gas recirculation (FGR), individually and in combination, combusting natural gas (NG) and propane–butane gas (PBG). Fuel heat inputs of 16 and 18 kW and air excess coefficients of 1.1 and 1.2, respectively, were tested. The highest individual denitrification efficiency of up to 74% was obtained for FGR, followed by reburning and OFA. A denitrification efficiency between 8.9% (reburning + OFA) and 72% (reburning + OFA + FGR) with NG combustion was observed. Using a 20% FGR rate yielded denitrification efficiency of 74% for NG and 65% for PBG and also led to a significant decrease in carbon monoxide (CO) emissions, so this can be recommended as the most efficient denitrification and de-CO method in small-scale furnaces. Reburning alone led to a sharp, more than 12-fold increase in CO emissions compared to the amount without any other method application. The presented results and the difference between our experimental data and the literature data acquired in some other studies indicate the need for further research.
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1. Introduction


The use of primary energy sources (fuels) burdens the environment and impacts human health, both in the fuel mining and processing phases [1] as well as in the conversion processes to heat and power [2] or to mechanical energy in transportation systems [3]. Combustion of fuels yields, besides heat, harmful substances emitted into the atmosphere, such as fly-ash, particulate matter, carbon, sulphur, and nitrogen oxides as well as light and heavy metals (often radioactive), especially in liquid and solid fuel combustion. Nitrogen oxides (especially NO and NO2) and their formation and reduction strategies, therefore, play an important role in the protection of the atmosphere [4].



NOx formation during combustion is influenced by several parameters. The most important ones include combustion temperature, fuel nitrogen content and fuel composition [5,6], air excess coefficient [7] and air staging [7,8], combustion process reaction pathways [9], hydrodynamics, burner design [10] and load [5,7], and flue gas residence time [11]. Numerical studies using dedicated software enable their synergies to be assessed [12,13,14,15].



Oxycombustion is a widely studied means of combustion process energy efficiency improvement nowadays but with an ambiguous effect on NOx formation [16,17,18]. A recent review by Liu et al., 2019 [19], surveyed the most important experimental research in the field of oxycombustion, concluding that NOx formation was case-sensitive, strongly dependent on system design and operation specificities, and no general conclusion could be drawn on the impact of oxygen enrichment on NOx formation.



The development and application of advanced flue gas denitrification methods have facilitated meeting the nitrogen oxide limit concentrations, which are steadily becoming more stringent [20]. Denitrification methods can be classified into primary and secondary ones [4,21]. Primary de-NOx methods are based on nitrogen formation suppression directly during fuel combustion through the creation of a reduction zone, which lowers the flame temperature [22]. Secondary de-NOx methods are based on nitrogen oxide reduction or scavenging from the flue gas downstream of combustion processes [23,24].



Primary methods include overfire air (OFA) [10,11,25,26,27,28], reburning [12,29,30,31,32,33,34,35,36,37], flue-gas recirculation (FGR) [13,23,38,39,40,41], and their combinations [14,42,43,44,45]. They are cheaper than the secondary ones, however the thermal efficiency of combustion aggregate decreases as a result of combustion temperature lowering, and there is a subsequent increase in unburnt carbon content in ash and fly-ash. OFA is based on substoichiometric (m = 0.7 to 0.8) fuel combustion with air [25]. The resulting reduction atmosphere suppresses nitrogen oxide formation. Previous studies [10,27,28] confirm that staged air introduction can help in reducing NOx emissions from combustion but can negatively impact the energy performance of the combustion process. The “reburning” method includes the creation of a zone in the combustion chamber with a lack of oxygen, which in turn leads to nitrogen oxide reduction [12,29]. Low-quality gaseous or solid fuel or waste fuels can be used for this purpose [30]. Primary fuel is combusted with a substantial air excess coefficient, which decreases flame temperature and suppresses NOx formation [31]. Optimal means of reburning integration with other denitrification methods for further improvement in NOx emissions reduction were proposed in [14,42]. Flue-gas recirculation (FGR) is one of the simplest and cheapest denitrification methods. It is based on returning part of the obtained flue gas back to the combustion zone. Internal recirculation is achieved in modified burners, resulting in combustion air and flue gas mixing [38,39]. External recirculation is characterized by returning part of the partly cooled flue gas into the space above the burners [15,40]. Flue-gas recirculation is a cheap denitrification method, which is often used to assist other methods in achieving greater denitrification.



Analyzed studies suggest that the synergic effect of simultaneous application of multiple primary denitrification methods varies significantly with the fuels combusted as well as with combustor operation and design. Effects on the emissions of other pollutants, such as carbon monoxide, are to be considered along with NOx emissions to truly prove the beneficial environmental impact of specific denitrification methods. Comprehensive information on their application can be found in a few recently published studies [35,44] with significant differences in their findings. So the key question to be answered with the intention of contributing significantly to environmental protection is: which individual method and which combination of methods would serve as the best for reducing nitrogen oxide emissions while also preventing an increase in other gaseous pollutants? The present experimental study addresses this question by investigating the application and resulting denitrification efficiency of several primary denitrification methods and their combinations and evaluating their impact on carbon monoxide emissions as well. The methods and combinations applied were:




	
OFA



	
Reburning



	
FGR



	
OFA + reburning



	
OFA + reburning + FGR








Natural gas and propane–butane gas served as widely available gaseous fuels. In this way, problems related to particle sizes and their distribution, their porosities, moisture content, and many others, which must be considered when testing solid fuels, did not arise. Carbon monoxide is a common product of incomplete combustion, thus studying changes in its emission levels along with the application of various denitrification methods can be considered representative enough to assess those of other relevant greenhouse gases as well.




2. Materials and Methods


2.1. Experimental Setup


The experimental setup used for denitrification efficiency estimation of individual nitrogen oxide emissions reduction methods and their combination is shown in Figure 1. The following parameters were adjusted in the FGR method: recirculation rate, combustion air excess, and fuel flow rate. The reburning method used an adjustable reburning fuel flow rate. Denitrification efficiency in all three primary methods applied individually and in combination was evaluated at a constant fuel heat input.



The experimental setup comprised the following: combustion chamber, flue-gas duct, stack, and three fans. The main burner combusting premixed primary fuel with air (primary air in the OFA application) was located at the front of the combustion chamber. Two Pt-RhPt thermocouples (T13, T14) were located in the combustion chamber. Reburning fuel could be introduced into the central part of the flue-gas duct, and the reburning zone was followed by OFA entry and the afterburning zone.



Temperature in the flue-gas duct was measured by means of five Cr-Al thermocouples (T3 to T7). Two flue-gas analyzers (A1 and A2) served for flue-gas composition estimation in the duct and at the flue gas to stack discharge point. Supplementary burners were operated at the top of the stack to reduce CO emissions into the environment. Fuel flow rates were regulated with throttling valves. Natural gas was provided from the distribution network and propane–butane gas was supplied from gas cylinders. The composition of NG and PBG is provided in Table 1 and Table 2, respectively.



Thermocouple T3 and analyzer A1 were located in the first part of the duct, enabling us to monitor flue-gas temperature and composition before reburning and the OFA zone. The other four thermocouples were located downstream: T4 at the end of the reburning zone, T5 at the afterburning zone end, and T6 and T7 in the second part of the duct.



Positions of individual thermocouples and their distance from the burner, as shown in Figure 1, are specified in Table 3.



The following gas meters were used for fuel flow rate estimation:



Primary fuel: type G 4 BK, Qmax = 6 m3/h, Qmin = 0.016 m3/h, V = 1.2 dm3, pmax = 20 kPa, 1 imp 0.01 m3,



Reburning fuel: type G 1.6 BK, Qmax = 2.5 m3/h, Qmin = 0.016 m3/h, V = 1.2 dm3, pmax = 20 kPa, 1 imp 0.01 m3.



Testo 350 XL (A2) and Testo 325 (A1) analyzers were employed for the flue-gas composition analysis. Appendix A contains detailed information about NOx and CO measurement methods and measurement errors of both analyzers.




2.2. Primary Denitrification Methods Application


Measurements with NG used both as main and reburning fuel were conducted under steady air excess coefficient conditions (m = 1.1 or 1.2) and under steady fuel thermal inputs of 16 or 18 kW, respectively.



NOx emissions were measured first without any de-NOx method application, followed by application of individual methods and subsequently their combinations.



Emissions of nitrogen oxides and carbon monoxide as well as flue-gas temperature measurements were performed for various natural gas total heat inputs under various process modifications. An overview of performed experiments with individual methods and their combinations is provided in Table 4.



Measurements with PBG combusted were conducted under steady air excess coefficient conditions (m = 1.1 or 1.2) and under steady fuel thermal inputs of 16 to 22 kW, respectively. Combustion without any primary method application was compared with flue-gas recirculation rate of 10 to 20% in measurements.



A detailed description of performed measurements is provided in Appendix B.





3. Results


3.1. Natural Gas (NG) Combustion Experiments


This section presents the results of applying primary de-NOx methods to a natural gas-fired system. Denitrification efficiency of flue-gas recirculation, reburning, overfire air use, and combinations of these were evaluated at natural gas thermal inputs of Q = 1.5 and 1.8 m3/h and air excess coefficients of m = 1.1 and 1.2, respectively.



Figure 2 depicts the measured nitrogen oxide emissions and denitrification efficiency of individual primary methods and their combinations at Q = 1.5 m3/h and m = 1.1. Reburning proved to be an efficient primary method; with a rising reburning ratio from 10 to 25%, the denitrification efficiency rose from 9 to over 60%. Overfire air use, whether applied separately or in combination with reburning, did not lead to a significant nitrogen emissions reduction.



The effects of flue-gas recirculation on nitrogen emissions and its comparison with reburning application at Q = 1.5 m3/h and m = 1.1 are shown in Figure 3. Flue-gas recirculation halved the NOx emissions even at 10% recirculation, and the final NOx emissions at 20% flue-gas recirculation dropped to roughly 20 mg/m3, representing denitrification efficiency of almost 75%. A further increase in flue-gas recirculation was hindered by a significant increase in CO emissions, leading us to conclude that flue-gas recirculation of 20% is the upper limit for feasible combustor operation. Comparison with reburning shows that flue-gas recirculation is a more efficient NOx emissions reduction method, as it reduced them by half at a reburning ratio of over 20% (compare Figure 2 and Figure 3), while 25% represents the upper limit of commonly applied reburning ratios.



The nitrogen oxide reduction values shown in Figure 2 were calculated as relative nitrogen oxide emission differences resulting from measured nitrogen oxide emissions after primary methods application compared to those measured without any denitrification method applied, as follows:


  R =    (   C  WAPM   −  C  APM    )     C  WAPM     · 100    ( % )   



(1)




where R refers to emissions reduction (%), CWAPM stands for nitrogen oxide emissions without application of primary methods, and CAPM represents emissions with application of primary methods.



Figure 4 presents the trends in carbon monoxide content in flue gas with the application of individual primary methods and their combinations. Flue-gas recirculation applied alone helped in decreasing CO emissions, compared to the situation without the application of any de-NOx method. Therefore, it can be concluded that the FGR method was able to significantly reduce both NOx and CO emissions (see Figure 3 for comparison) and could thus be considered as a very promising method when striving towards reduction of combustion processes’ environmental impact. All other de-NOx methods and their combinations resulted in increased CO emissions by around 30 mg/m3 (OFA + 10% reburning) to over 1100 mg/m3 (20% reburning). Reburning itself proved to be a less effective de-NOx method than FGR (see Figure 3), yielding substantially higher CO emissions than FGR. Therefore, the application of reburning alone does not appear sensible. Its combination with overfire air, however, reduced the NOx emissions significantly (see Figure 2) and helped approach the emission limit for CO (200 mg/m3). This results from the fact that overfire air introduction leads to oxidation of a major portion of the carbon monoxide formed in the reburning zone.



Figure 5 explains the reaction mechanisms leading to NOx and CO formation in individual temperature zones of the furnace and allows monitoring of temperature trends resulting from primary de-NOx methods application.



NOx generated in the main combustion zone (Figure 1 and Figure 5, between T13–T14) reacted with fuel remnants injected into the reburn zone (Figure 1 and Figure 5, between T3–T4), which reduced it to molecular nitrogen. Reburning chemistry involves fuel radicals, which reduce NO to N2 [32,46]. Reburning increases the flue-gas temperature from thermocouple T4 onwards, compared to OFA application or no de-NOx-method use.



The addition of overfire air completed combustion in the burn-out zone (Figure 1 and Figure 5, between T4–T5), but the reaction heat released by CO and hydrocarbon fragments was not enough to compensate for the cold, fresh air introduced, and as a result the flue-gas temperature decreased from T5 onwards, compared to the application of reburning alone.



A similar series of measurements was conducted at natural gas thermal input Q = 1.8 m3/h and air excess coefficient m = 1.2, with the results shown in Figure 6 and Figure 7. A comparison of the data shown in Figure 2 and Figure 6 revealed that the latter combustor operation conditions generally yielded higher NOx emissions by around 75 to 100%, which is in accordance with current knowledge on nitrogen oxide formation in combustion processes. Considering the previous finding about FGR application effects, this method was combined with modest reburning (reburning ratio of 10%) and overfire air. Figure 6 documents that the combination of 10% reburning ratio, overfire air, and 10% FGR more than halved the NOx emissions compared to the situation without any primary de-NOx method application. Further increases in denitrification efficiency can be followed in Figure 7 with increasing FGR, with the highest efficiency value of over 70% being reached at 20% FGR. In contrast to this, application of either modest reburning (reburning ratio of 10%) or overfire air or their combination did not lead to significant denitrification, and the same could be observed at a lower burner load and lower air excess coefficient—see Figure 2. In both situations the denitrification efficiencies reached below or around 20% maximally.



As Figure 6 further shows, denitrification efficiency is closely coupled with combustion temperature. The decrease in combustion temperature resulting from the application of primary denitrification methods hinders the formation of thermal NOx, which, together with the creation of a reductive environment, leads to effective nitrogen oxide emissions reduction. Test experiments aimed at verification of both temperature measurements’ stability and sensitivity to combustion conditions were performed and their results, shown in Appendix C, prove that temperature changes of around 10 °C and higher can be clearly recognized and attributed to process condition changes. This justifies the conclusions drawn from the analysis of the temperature data and their trends presented in Figure 5 and Figure 6.



It can be concluded that OFA application should be part of any combined primary de-NOx method, as it is able to reduce both NOx and CO contents in flue gas on its own, and when applied together with reburning and OFA it should ensure very efficient denitrification while still meeting the CO emission limits.




3.2. Propane–Butane Gas (PBG) Combustion Experiments


This section presents the results of primary de-NOx methods application during propane–butane gas combustion, carried out in parallel with our natural gas combustion experiments. The combustion conditions involved a range of total fuel input Q = 16 to 22 kW and overall air excess coefficient m = 1.1 and 1.2, respectively. Having found that flue-gas recirculation was the most efficient denitrification method in natural gas combustion experiments, it was applied as the sole de-NOx method in our PBG experiments as well.



Figure 8 provides a comparison of NOx emissions in PBG experiments as a result of different fuel input and air excess coefficient values, with no other denitrification method applied. As expected, and in line with our NG experiment results, increased fuel input and air excess coefficient led to an increase in emissions. Nitrogen oxide emissions values in our PBG experiments were around 20% higher than those observed in the NG experiments under identical conditions (i.e., Q = 1.5 m3/h and m = 1.1; Q = 1.8 m3/h and m = 1.2): compare Figure 2 and Figure 6.



The impact of FGR application on NOx emissions reduction in PGB experiments at burner power input 16 kW and air excess coefficient m = 1.1 is shown in Figure 9. The obtained results are similar to those in our NG experiments, yielding an NOx content decrease with the introduction and increased share of flue-gas recirculation. Both Figure 3 and Figure 9 reveal that the application of 10% FGR decreased the NOx emissions approximately by half, and a further emissions reduction was achieved with greater FGR increase. Denitrification efficiency of almost 65% was achieved at 20% FGR in our PBG experiments, which is somewhat lower than the almost 75% efficiency documented in the NG experiments under identical conditions.



Similar to the NG experiments, denitrification was found to be closely related to flue-gas temperature in the PBG combustion chamber. Its values for 10%, 15%, and 20% FGR are provided in Figure 10. The more modest decrease in combustion temperature (thermocouples T13 and T14) of around 50 °C documented in Figure 10 resulting from an FGR increase from 10% to 20% is lower than the over 100 °C combustion temperature decrease shown in Figure 6 resulting from FGR increase in the same range in the NG experiments. This probably allows for a partial explanation of why the denitrification efficiency increase in our PBG experiments in the range of 10% to 20% FGR is lower than in the NG experiments.



For this reason, experiments with FGR application alone during both NG and PBG combustion are compared in Figure 11 in terms of calculated NOx emissions reduction efficiency.



The trend in nitrogen oxide emissions decrease with increasing FGR can be readily observed in both fuel-type experiments, while the previously commented steeper NOx emissions decrease in NG experiments is clearly confirmed. As a result of the NOx formation reaction mechanisms, the emissions were suppressed due not only to the lower combustion temperature but also to the lower oxygen partial pressure resulting from FGR implementation. The greater NOx emissions reductions observed in our PBG experiments compared to those in the NG experiments most probably resulted from slower combustion of PBG fuel and from its higher volumetric heating value. Higher PBG adiabatic flame temperature compared to NG can play a significant role in this respect too. It results from the observations above that combusted fuel type as well as combustion conditions play an important role in NOx formation and reduction processes. Combustion of PBG yields lower volumetric flow of recirculated flue gas compared to NG for the same burner heat input.





4. Discussion


Our experiments conducted with natural gas and PBG fuels allowed us to document several trends regarding nitrogen oxide and carbon monoxide contents in flue gas from a laboratory furnace:




	
Considering de-NOx methods applied individually (Figure 2 and Figure 3), FGR yielded the highest denitrification efficiencies of up to 74% (at 20% FGR), followed by reburning (61% at 25% reburning ratio), whereas OFA application resulted only in a modest 21% NOx concentration decrease. FGR appears to be the most promising method for decreasing NOx emissions, regardless of the type of gaseous fuel combusted (compare Figure 3 and Figure 9). A range of flue-gas denitrification efficiencies due to FGR implementation is reported in the literature, starting with up to 30% or up to 50% in burners equipped with internal flue-gas recirculation systems [38,39] and exceeding this in external recirculation systems [15]. Thus, it can be concluded that external flue-gas recirculation appears to be a more efficient de-NOx method, though it requires bigger intervention in boiler or furnace design than the mere implementation of burners with internal recirculation.



	
Combined application of de-NOx methods revealed negative synergic effects with OFA + 10% reburning, achieving a lower NOx concentration reduction than the application of OFA and 10% reburning individually (Figure 2 and Figure 6). In contrast, the available experimental and numerical studies [14,42] propose the reburning + OFA combination as a very effective means of flue-gas denitrification and report positive synergy effects. Combined application of 10% reburning + OFA + 20% FGR reduced the NOx content in flue gas by 72%, which is in line with de-NOx efficiencies of over 50% for combined method application reported in the available literature. For comparison, [43] used a combined OFA + FGR method in a 100 kW facility, combusting various gaseous and solid fuels, reaching up to 80% decrease in NO content in flue gas.



	
Increasing the burner load from 16 to 18 kW and the air excess coefficient from 1.1 to 1.2 resulted in 50% to 70% higher NOx emissions, regardless of whether NG or PBG was combusted (Figure 2, Figure 6 and Figure 8), with the air excess coefficient increase visibly playing the major role in NOx emissions increase, which is in line with the findings of the study by Dutka et al., 2016 [5]. However, denitrification efficiencies of individual methods and their combinations appeared to be only modestly affected by burner load and air excess coefficient in our experiments (Figure 2, Figure 3 and Figure 7).



	
FGR, as the most promising de-NOx method, was applied in our PBG combustion tests, achieving similar denitrification efficiency as in the NG combustion tests (Figure 11). However, denitrification efficiency increase with rising flue-gas recirculation was more pronounced in the case of NG combustion. This could be explained in terms of the far more pronounced temperature drop in the main combustion chamber (thermocouples T13, T14) observed in our NG combustion tests with rising flue-gas recirculation. Comparison of the respective temperature values in Figure 6 and Figure 10 reveals that temperature drops of over 100 °C could be documented for NG combustion compared to around only 50 °C for PBG combustion. This finding deserves more attention and further investigation in the future, as the relevant literature surveyed [43] suggests that similar trends should be obtained with similar gaseous reburning fuels.



	
FGR yielded a visible decrease in carbon monoxide emissions (Figure 4). A modest decrease in flue-gas CO content could be seen after OFA application as well; however, reburning produced a sharp, more than 12-fold increase in these emissions (1251 mg/m3) compared to that without any de-NOx method application (101 mg/m3). This could partly be resolved by combined reburning + OFA application, but the reburning fuel share should be limited to around 15% in order not to violate the CO emissions limit of 200 mg/m3. In contrast to this, [35] did not observe any significant effect of reburning application on CO emissions, despite similar experimental furnace heat input (65 kW vs. 16 to 22 kW in this study) and despite the same fuel being used both as the main and reburning fuel (NG). [44] performed experiments with various recirculated flue-gas introduction spots in an experimental heavy fuel oil-fired furnace, namely direct mixing with primary air, separate introduction after primary air supply, and separate introduction after secondary air supply. Compared to basic-case CO emissions of around 20 mg/m3, all reburning options produced an increase in CO emissions, compared to operation without FGR. The differences documented above allow us to conclude that CO formation and conversion to CO2 with primary de-NOx methods application is a complex phenomenon yielding very variable results even under seemingly similar experimental conditions. Further work on this topic needs to be done.









5. Conclusions


An experimental laboratory furnace setup was used to assess the trends and variations in nitrogen oxide and carbon monoxide emissions from natural gas and propane–butane gas combustion. Individual primary flue-gas denitrification methods as well as their combined use allowed us to identify the most efficient individual method (flue-gas recirculation) and the most efficient combination of methods (overfire air + reburning + flue-gas recirculation). The achieved denitrification efficiencies (close to 65% for propane–butane gas combustion or even over 70% for natural gas combustion) are promising and suggest that further research should be aimed at investigating the use of wood gasification gas as fuel in the test rig. Combined application of 10% reburning + OFA + 20% FGR reduced the flue gas’ NOx content by 72% in the studied furnace under the given combustion conditions. Considering the given conditions, the fuels combusted, and the furnace geometry, this combination can be recommended as the most efficient one for flue-gas denitrification.



Our carbon monoxide emissions results practically ruled out the application of reburning in the experimental setup, and this became even worse when CO-rich gas was combusted instead of natural gas. Flue-gas recirculation appears to be the most viable method that can readily be applied to different combustion designs and fuels used, as it exhibits both significant de-NOx and de-CO efficiency, although its application limits should be subject to more focused study.
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List of Symbols and Abbreviations




	A
	analyzer
	 



	FGR
	flue-gas recirculation
	 



	LNB
	low NOx burner
	 



	m
	air excess coefficient
	 



	NG
	natural gas
	 



	NOx
	nitrogen oxides
	 



	OFA
	overfire air
	 



	PBG
	propane–butane gas
	 



	Pt
	thermal power input
	kW



	p
	pressure
	Pa



	Q
	volumetric flow
	m3/h



	T
	temperature
	°C



	V
	throttle valve
	 



	R
	emissions reduction
	(%)



	CWAPM 
	nitrogen oxide emissions without application of primary methods
	 



	CAPM 
	nitrogen oxides emissions with application of primary methods
	 



	max
	maximum
	 



	min
	minimum
	 



	stat
	static (pressure)
	 



	total
	total (pressure)
	 








Appendix A


Table A1 and Table A2 provide information about the NOx and CO measurement method for the Testo 350 analyzer (A2 analyzer) as stated by the manufacturer [47]. Likewise, Table A3 shows information relating to the Testo 325 (A3 analyzer) measurement method and error range as stated by the manufacturer [48].
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Table A1. Nitrogen oxide measurement method and measurement error range stated by Testo 350 analyzer series manufacturer [47].






Table A1. Nitrogen oxide measurement method and measurement error range stated by Testo 350 analyzer series manufacturer [47].





	
Testo 350 M and Testo 350 XL






	
 

	
NO

	
NO2




	
Measurement method

	
Electrochemical sensor

	
Electrochemical sensor




	
Metering range

	
0 to 3000 ppm

	
0 to 500 ppm




	
Measurement error range

	
0 to 99.9 ppm

	
±5 ppm

	
0 to 99.9 ppm

	
±5 ppm




	
100 to 1999.9 ppm

	
±5% of measured value

	
100 to 500 ppm

	
±5% of measured value




	
2000 to 3000 ppm

	
±10% of measured value

	
-




	
Depiction accuracy

	
1 ppm

	
0.1 ppm
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Table A2. Carbon monoxide measurement method and measurement error range stated by Testo 350 analyzer series manufacturer [47].






Table A2. Carbon monoxide measurement method and measurement error range stated by Testo 350 analyzer series manufacturer [47].





	
Testo 350 M and Testo 350 XL






	
 

	
CO




	
Measurement method

	
Electrochemical sensor




	
Metering range

	
0 to 10,000 ppm




	
Measurement error range

	
0 to 199 ppm

	
±10 ppm




	
200 to 2000 ppm

	
±5% of measured value




	
2001 to 10,000 ppm

	
±10% of measured value




	
Depiction accuracy

	
1 ppm
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Table A3. Measurement method and measurement error range stated by Testo 325-I analyzer manufacturer [48].






Table A3. Measurement method and measurement error range stated by Testo 325-I analyzer manufacturer [48].





	
Testo 325-I






	
 

	
NO

	
CO




	
Measurement method

	
Electrochemical sensor

	
Electrochemical sensor




	
Metering range

	
0–1000 ppm

	
0–2000 ppm




	
Measurement error range

	
0 to 400 ppm

	
<20 ppm

	
0 to 400 ppm

	
<20 ppm




	
>200 ppm

	
<±5% of measured value

	
>400 ppm

	
<±5% of measured value




	
Depiction accuracy

	
1 ppm

	
1 ppm










Appendix B


After primary burner ignition, the desired fuel volumetric flow and air excess coefficient were set for combustion without any primary denitrification method application. Afterwards, stable combustion conditions, a stable temperature profile, and stable oxygen concentration in the flue gas were reached, which took, depending on initial conditions, up to several hours. On reaching the stationary state, values of NO, NO2, O2, and CO concentrations measured by the analyzers and temperatures indicated by all thermocouples were recorded pointwise at five-minute intervals. Temperature readings were continuously recorded by the Comet data unit.



After all process parameter readings were done, additional air was introduced in the OFA zone (see Figure 1) so as to reach a constant final air excess coefficient (m = 1.1 or 1.2) in the place where analyzer A2 was located. After reaching stationary conditions (see the previous paragraph), readings of gas concentrations and temperatures were recorded periodically within 30 to 45 min of stable furnace operation at five-minute intervals.



In the FGR experiments, the evaluated process parameters included the amount of recirculated flue gas (10 to 20%), air excess coefficient, combustion temperature, and fuel volumetric flow. Various fuel volumetric flows were used in the experiments. The recirculation rate was estimated from the oxygen material balance setup using the data on the oxygen concentration (Analyzers A1,2) and on fuel and combustion air volumetric flows. Starting with zero FGR, flue-gas recirculation was introduced until the desired oxygen content in the air–flue gas mixture was reached. It was kept constant during the given measurement, which ensured a constant flue-gas recirculation rate. Flue-gas recirculation rate was increased afterwards until a new value of oxygen content in the air–flue gas mixture was reached, and the measurement was repeated.



When using the reburning method, the reburning fuel was introduced in the middle part of the flue-gas duct (see Figure 1) with its amount ranging between 10 to 25% of total fuel combusted (the sum of primary and reburning fuel), while the amount of total fuel combusted was kept constant.



Nitrogen oxide and carbon monoxide values shown and discussed in the manuscript are average concentration values obtained from individual measurements for the given fuel consumption and air excess coefficient.




Appendix C


Figure A1 and Figure A2 show the time courses of measured temperature values in the furnace during test experiments. Test experiments were aimed at verifying sufficient stability of temperature measurements during stable furnace operation as well as their sufficient sensitivity to the changes of combustion conditions.
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Figure A1. Measured flue-gas temperatures through the furnace during test experiments involving fuel input Q = 1.6 m3/h1 and air excess coefficient m = 1.1 with varying reburning ratio. Stable operation states as indicated in the Figure: 1 = without any primary method applied; 2 = reburning share of 25%; 3 = reburning share of 20%; 4 = reburning share of 35%. 






Figure A1. Measured flue-gas temperatures through the furnace during test experiments involving fuel input Q = 1.6 m3/h1 and air excess coefficient m = 1.1 with varying reburning ratio. Stable operation states as indicated in the Figure: 1 = without any primary method applied; 2 = reburning share of 25%; 3 = reburning share of 20%; 4 = reburning share of 35%.
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As can be recognized from both Figure A1 and Figure A2, temperatures measured by individual thermocouples vary within a few °C during steady operation of the furnace. Contrary to that, changes of temperatures measured by thermocouples T6 and T7, resulting from performed step changes of reburning share, are clearly recognizable. Moreover, well-defined individual temperature plateaus corresponding to stable operation of the furnace with different reburning shares can be seen as well. The results of preliminary experiments proved that the temperature measurements were both sufficiently stable and sensitive to the changes of the operation conditions.
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Figure A2. Measured flue-gas temperatures through the furnace during test experiments involving fuel input Q = 1.8 m3/h and air excess coefficient m = 1.1 with varying reburning ratio. Stable operation states as indicated in the Figure: 1 = reburning share of 20%; 2 = reburning share of 25%; 3 = reburning share of 35%. 
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Figure 1. Experimental setup scheme with main equipment dimensions listed in mm. Legend: T—thermocouple, A—analyzer, V—throttle valve, pstat—static pressure, ptotal—total pressure, OFA— overfire air. 
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Figure 2. Nitrogen oxide emissions (expressed in mg/m3 at 3% vol. oxygen in dry flue gas under normal temperature and pressure) and their reduction after the application of reburning and overfire air methods at total fuel input Q = 1.5 m3/h and air excess coefficient m = 1.1. 
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Figure 3. Flue-gas recirculation and reburning methods: denitrification efficiency comparison at total fuel input Q = 1.5 m3/h and air excess coefficient m = 1.1. 
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Figure 4. CO content in flue gas is a result of application of individual de-NOx methods and their combinations at total fuel input Q = 1.5 m3/h and air excess coefficient m = 1.1. 
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Figure 5. Measured flue-gas temperatures through the furnace during experiments involving fuel input Q = 1.5 m3/h and air excess coefficient m = 1.1. 
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Figure 6. NOx emissions (expressed in mg/m3 at 3% vol. oxygen in dry flue gas under normal temperature and pressure) and measured temperatures in the combustion chamber after the application of primary methods in combination at total fuel input Q = 1.8 m3/h and air excess coefficient m = 1.2. 
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Figure 7. NOx emissions reduction achieved after application of primary methods and their combinations at total fuel input Q = 1.8 m3/h and air excess coefficient m = 1.2. 
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Figure 8. Nitrogen oxide formation (expressed in mg/m3 at 3% vol. oxygen in dry flue gas under normal temperature and pressure) as a result of variable burner fuel input and air excess coefficient m = 1.1 and 1.2. 
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Figure 9. NOx emissions (expressed in mg/m3 at 3% vol. oxygen in dry flue gas under normal temperature and pressure) dependence on flue-gas recirculation at burner power input 16 kW and air excess coefficient m = 1.1. 
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Figure 10. Effect of increasing flue-gas recirculation share on the course of the temperature field through the furnace at burner power input 16 kW and air excess coefficient m = 1.1. 
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Figure 11. Nitrogen oxide emissions reduction after the application of flue-gas recirculation: comparison of natural gas (NG) and propane–butane gas (PBG) combustion at various flue-gas recirculation rates. For both fuels, burner power input was 16 kW and air excess coefficient m = 1.1. 
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Table 1. Composition of natural gas (NG) in % vol.
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	CH4
	C2H6
	C3H8
	C4H10
	C5H12
	CO2
	N2





	98.04%
	0.77%
	0.26%
	0.08%
	0.02%
	0.06%
	0.77%
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Table 2. Composition and properties of propane–butane gas (PBG).
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	Propane–Butane
	Density in the Liquid Phase (kg/dm3)
	Density in the Gas Phase (kg/m3)
	Calorific Value (Lower Heating Value) (MJ/m3)
	Composition (% vol.)





	C3H8
	0.508
	2.019
	92.97
	40



	C4H10
	0.585
	2.59
	123.74
	60
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Table 3. Distance of individual thermocouples from burner outflow.
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	Thermocouple
	T13
	T14
	T3
	T4
	T5
	T6
	T7





	Distance (m)
	0.25
	0.35
	0.95
	1.7
	1.95
	2.0
	2.1
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Table 4. Primary methods applied individually and in combination. Legend: FGR—flue-gas recirculation.
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Ratio

	
Combustion without/with Primary Denitrification Method Applied Individually






	
 

	
Without

	
 

	
 

	
 




	
10, 15, 20%

	
 

	
FGR

	
 

	
 




	
10, 15, 20, 25%

	
 

	
 

	
Reburning

	
 




	
 

	
 

	
 

	
 

	
OFA




	
 

	
Combustion with Primary Denitrification Methods Applied in Combination




	
Combination

	
 

	
 

	
10, 15, 20% Reburning

	
OFA




	
Combination

	
 

	
10, 15, 20% FGR

	
10% Reburning

	
OFA
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