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Abstract

:

Over the years, ever more stringent requirements on the pollutant emissions, especially NOX, from combustion systems burning natural gas are introduced by the European Union (EU). Among all NOX reduction methods, the flue gas treatment by plasma is widely applied and could be used for both small scale and domestic combustion systems. However, the removal efficiency depends on concentrations of oxygen, water vapor, traces of hydrocarbons, and nitrogen oxides in flue gas. In order to analyze the application of the NOX reduction for small-scale or domestic combustion systems, experiments of NOX reduction by non-thermal plasma from real flue gases originating from premixed methane combustion at different equivalence ratio (ER) values were performed. It was determined that the residual oxygen in flue gas plays an important role for improvement of NO to NO2 oxidation efficiency when O2 concentrations are equal to or higher than 6%. The power consumption for the plasma oxidation constituted approximately 1% of the burner power. In the case of ozone treatment, the addition of O3 to flue gas showed even more promising results as NO formed during combustion was fully oxidized to NO2 at all ER values.
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1. Introduction


Even though the substitution of fossil fuels with renewable energy sources is going in the right direction, natural gas consumption for heat and power production is still increasing and has grown by 3% over the last year [1]. Natural gas is considered a relatively clean fuel compared to other types of fossil fuels and more efficient and reliable than the renewable energy sources [2]. Nonetheless, the usage of natural gas still leads to emissions of hazardous pollutants to the atmosphere. During combustion of these gases, nitrogen oxides NOX (NO and NO2) are produced that have negative impacts on human health and cause environmental problems such as acid rain, photochemical smog and ozone layer depletion [3,4,5]. Due to these problems, the European Union is tightening the requirements of environmental protection and requires to increase the energy efficiency and to find a way to reduce NOX emissions from combustion systems using natural gas [6]. One of the alternatives to address this issue is to use lean combustion. In this way, emissions of NOX are reduced due to lower combustion temperature, which in turn depends on the air-fuel ratio. This method is mostly used for gas turbines [7], however, it is difficult to implement in gas burners presently used in industrial and domestic combustion systems. The lean combustion could lead to flame extinction or instability, vibrations, reduced combustion efficiency and equipment longevity [8,9,10]. Taking into account these disadvantages, another solution for NOX reduction is removal of these pollutants from flue gas in exhaust. It is usually achieved by selective catalytic reduction, wet absorption or storage by adsorption [11,12,13]. In the case of catalytic reduction, the nitrogen oxides are reduced to nitrogen and oxygen. During absorption, the nitrogen oxides are absorbed into liquids where they are reduced by certain reducing agents or used as nitric acid. Both NOX removal routes suffer from poor adsorption and absorption of NO which is the main constituent of NOX [11]. This problem can be solved by oxidizing NO to NO2 or further to N2O5. The oxidation to NO2 improves the efficiency of the catalytic reduction at low temperatures [14,15,16] while the oxidation to N2O5 is beneficial for the absorption of nitrogen oxides [17,18]. It is achieved using non-thermal plasma, which in most cases is generated using a corona discharge or a dielectric barrier discharge device [11,14,15,16,19,20]. Besides, the non-thermal plasma has showed promising results in the field of human health protection by using non-thermal plasma for disinfection [21,22] and the environment by improving air and water quality [23,24,25,26]. Moreover, plasma was applied to remove NOX from real flue gases of power plants and diesel engines [17,18,27] or synthetic flue gases representing certain types of real flue gas [14,15,16,28,29,30,31]. Most often, the used gases represent exhausts from diesel engines or coal power plants which contain relatively large concentrations of nitrogen oxides and hydrocarbons. In the case of natural gas combustion, the NOX concentrations are relatively small (≤200 ppm) and the hydrocarbon content is avoided as the industrial and the domestic combustion systems are working with excess of air.



The excess of air results in changes of flue gas composition which in turn influences the effect of plasma. At very low O2 fraction, plasma may directly remove NOX by reducing NO to N2 and O2 [32,33,34]. The increase of oxygen content above 3–5% in gas mixture reduces the NOX conversion efficiency and even increases NOX generation in the NOX treatment device [34,35]. At these conditions, the main plasma effect is the conversion of NO to NO2 which is desirable for removal methods based on adsorption and absorption. It has been shown that the direct plasma oxidation becomes inefficient at NOX concentrations above 200–300 ppm [20]. The presence of water may improve the NOX removal [36,37] by converting NO2 to HNO2 and HNO3 [32,36,38]. Efficiency of NO conversion to NO2 and NOX removal may be further increased in the presence of hydrocarbons [28,29,30,31]. Another possibility to improve the NOX oxidation efficiency at high NOX concentrations is to use ozone instead of the direct plasma oxidation [20]. At the same time, both direct plasma and ozone oxidation resulted in comparable efficiencies at low NOX and high O2 concentration [39] whereas the direct plasma oxidation may further benefit from the presence of hydrocarbons [39]. The change in gas composition due to the variation of air equivalence ratio makes the prediction of the NOX oxidation efficiency even more complicated.



Reviewed works show that the flue gas treatment by plasma has a wide applicability and has been tested in areas ranging from industrial purposes to automotive applications. However, there is a gap of information on application of the NOX reduction by plasma for small scale combustion systems. Among these systems, gas boilers are widely used as domestic devices for heating and supplying hot water in Europe [40,41]. Moreover, the production of biogas, whose main component is CH4, is increasing as well and usage of these types of gases may lead to proliferation of small scale combustion systems resulting in increased emissions [42]. In this case, to reduce pollutant emissions to the environment, the treatment by plasma could be also adapted for such combustion systems, but it requires a deeper knowledge on the removal efficiency as it depends on the concentrations of oxygen, water vapor, traces of hydrocarbons and nitrogen oxides in the flue gas.



Due to these reasons, the present study was carried out in order to investigate the NOX removal from real flue gases originating from methane combustion with excess of air and expand the knowledge on the NOX treatment by plasma for small scale combustion systems. For a deeper knowledge on the NOX reduction effect due to the flue gas composition, the direct plasma oxidation and the ozone oxidation were investigated. Furthermore, the effect of catalyst was studied to improve the oxidation of NO2 to N2O5 by ozone.




2. Materials and Methods


Description of Combustion and NOX Removal System


In order to investigate the NOX removal efficiency from flue gases, the experimental setup was prepared as presented in Figure 1.



The combustion rig was constructed from a specially designed premixed air–gas burner with a mesh-type nozzle (2) and a closed combustion chamber (1) made of a 60 cm high and 8.2 cm diameter quartz glass tube. For combustion, methane from a gas cylinder (99.6% purity) and air from the compressed air system located in the research facility were used. Flow of air and methane was controlled by flow meters (3) (an operating range for air and methane was 30 L/min and 10 L/min, respectively, with an error of 2% at full scale) and supplied to the premixing chamber via steel pipes. The burner was operated at different air equivalence ratios ranging from 0.8 to 1.4 in increments of 0.2 to recreate the combustion conditions used in small scale combustion systems [43,44]. The inlet parameters for fuel and air flows are given in Table 1.



At the exit of the combustion chamber, a suction probe (4) with the diameter of 8 mm was inserted at a 30 cm distance from the burner nozzle and a rotary vane pump (5) was used to collect flue gas from the combustion chamber. The suction flow rate of 3.2 L/min was set by a flow meter and flue gas were supplied through a condensation unit (6) to the NOX removal system for treatment. The condensation unit was used to avoid the clogging of the flow controller due to water vapour condensation inside. Further, flue gas was treated by three separate methods: A—the direct plasma treatment, B—the ozone treatment and C—the ozone treatment with TiO2 catalyst (see Figure 1). In all cases, three experiments were conducted at each point to reduce uncertainty.




	
In the case of direct plasma treatment, the exhaust gas flow was directed through a volume barrier discharge (VBD) device (8) of a coaxial design (see Figure 1 section A). The inner high-voltage electrode was a stainless steel tube with the outer diameter of 14 mm, the dielectric barrier was made from a quartz tube with the inner diameter of 16.3 mm and the outer grounded electrode was a steel mesh wrapped around the quartz tube. The length of the active zone was 8.5 cm. The high voltage was provided by a signal generator amplified by an Industrial Test Equipment Co power amplifier and a transformer. The frequency of the voltage varied from 80 Hz to 500 Hz. The specific input energy (SIE) of plasma was obtained by dividing the plasma input power determined by the method of Lissajous figures [45,46] by the flow rate of the gas. Besides, during the direct plasma treatment, the VBD device was heated by a wire heater to 60 °C to avoid the condensation of water vapor on dielectric surfaces. The condensed water could result in resistive losses which interferes with the input power measurement from the Lissajous figures. The temperature in the discharge reactor was measured by an Osensa Innovations fiber–optical sensor FTX-100-Gen.



	
In the case of ozone treatment, ozone was produced from pure oxygen (99.999% of purity) with a flow rate of 0.5 L/min in the VBD device and the produced ozone flow was then mixed with the exhaust gas flow (see Figure 1 section B). Whereas, the flue gas was not supplied through the plasma, the VBD device was not heated in this experiment. The SIE was calculated by dividing the plasma input power by the flow rate of exhaust gas flow. The ozone concentration injected into the flue gas was obtained from the SIE by measuring the ozone production in absence of the flue gas.



	
In the case of ozone treatment with a TiO2 catalyst, an additional reaction chamber was placed downstream from the mixing point of flue gas and ozone (see Figure 1 section C). The dimensions of the reaction chamber were similar to those of the VBD device. Degussa P25 TiO2 nanopowder with the mass of 0.5 g was pressed on the inner surface of the reactor chamber. The catalytic reactor was placed into the electrically heated oven and the reactor temperature was kept at 100 °C during the experiments. The temperature in the reactor was measured by the Osensa Innovations fiber–optical sensor FTX-100-gen. Additional ozone treatment experiments without the presence of catalyst were also carried out in this configuration for direct comparison of the effect of catalyst.








The gas composition after the direct and indirect plasma treatment was determined by IR absorption and UV absorption. The IR absorption spectra were registered by an IR absorption cell with the length of 18 cm placed into an Interspec 2020 FTIR spectrometer. The average of 10 spectra (collection time of two minutes) was used to measure CO2, CO and trace amounts of nitrogen oxides. The UV absorption spectra were registered with an UV absorption cell (24 cm length) placed between Hamamatsu L2D2 deuterium lamp used as the UV source and Ocean Optics USB4000 spectrometer used to collect the spectra. The UV absorption cell was heated to 60 °C to decrease the condensation of water vapor and nitrogen acids on the quartz windows. The UV absorption spectra were used to determine the concentrations of NO and NO2 according to the methodology described in earlier studies [47,48].





3. Results and Discussions


3.1. Emissions from Methane Combustion


In order to analyze the efficiency of NOX removal from flue gases, experiments were performed at rich, normal and lean combustion regimes. Besides, the lean combustion was achieved at two air equivalence ratio values (1.2 and 1.4), which in most cases are used in atmospheric combustion systems [43,49]. The flame images obtained at different equivalence ratio (ER) values are presented in Figure 2.



Before starting the experiments with NOX treatment, initial emissions of CO, CO2, NO and NO2 were measured at every point of ER. The intensities of CO2 and CO in FTIR spectra at different ER values are shown in Figure 3a. These intensities allow us to compare the amount of CO2 in the flue gas because they are proportional to CO2 concentrations. The highest CO2 concentration in the flue gas was obtained at the ER value of 1. This result was expected because the methane flow was kept constant and only an air flow was changed at different ER values (see Table 1). At the rich combustion regime, CO2 concentrations are lower compared to the ER point of 1.0 due to incomplete combustion of methane. This is indicated by the detection of a considerable amount of CO. Increasing the amount of combustible air results in a rapidly decreasing concentration of CO molecules as there is sufficient oxygen to fully oxidize the carbon atoms and to form CO2. At ER ≥ 1, air begins to dilute flue gas causing the CO2 concentration to drop (see Figure 3a).



The concentrations of NO and NO2 at different ER values are shown in Figure 3b. At the rich combustion condition (ER = 0.8) an average concentration of NO was 37 ppm due to a low concentration of oxygen atoms [50]. The highest concentrations of NO were determined at ER values of 1.0 and 1.2. The increased amount of air reduced the flame temperature and concentrations of NO decreased to 27 ppm at ER point of 1.4. NO2 concentrations increased with increasing ER values (Figure 3b) as NO was oxidized to NO2 by the oxygen atoms in the flue gas [51].




3.2. Direct Plasma Treatment


The results obtained by using the direct plasma method for the flue gas treatment are presented in Figure 4. It indicates the removal of NO and the formation of NO2. The produced NO2 concentration was practically equal to that of the removed NO at ER values above 1, whereas at ER values below 1, the produced NO2 concentration was approximately 60% of the removed NO concentration. The produced NO2 can be attributed to NO oxidation by O radicals and O3 [21]. In the case of ER = 0.8, the residual amount of NO was either oxidized to HNO2 by OH radicals or reduced to N2 and O2. UV absorption and IR spectra showed no traces of HNO2 or HNO3 which suggests that an additional NO removal was caused by the reduction. At ER value 1.4, some NO was oxidized to NO2 even when the plasma reactor was not working. It explains the higher final NO2 concentration compared to the inlet NO concentration. The plasma may also produce additional NOX and N2O but this effect of plasma remains small at the used SIE values [52].



At all ER values, the 90% removal of NO was achieved at specific input energy (SIE) values below 30 J/L keeping the same heat output of the burner (0.56 kW). The power input required for removal of NO should be only a small fraction of the power of the burner heat output. At lean combustion conditions, the highest efficiency of NO removal was reached at SIE values of 21 J/L and 10 J/L respectively at ER point of 1.2 and 1.4 (see Figure 4). Moreover, the obtained results show that an increased oxygen content in the flue gas leads to decreased demand of the plasma power, but at ER value of 1.4, the flame is lifted up and less stable (see Figure 2). The SIE values 10–20 J/L multiplied by the total gas flow in the burner 9–14 L/min gives an estimate of the power which is required to oxidize NO in the exhaust gas to NO2. The required power remained below 5 W which is less than 1% of the power obtained from the methane burning.



The efficiency of NO removal was further evaluated by assuming the residual amount to be an exponential function


  NO =   NO  0  ·  e    −  k E  · S I E     ,  



(1)




where NO0 is the inlet concentration of NO and kE is the removal rate which characterizes the efficiency of NO removal process [53,54,55]. According to Jõgi et al. [20], the exponential function is applicable for the fitting of NO oxidation when the back-reaction of NO2 to NO by O radicals limits the oxidation of NO to NO2.



Fitting by the exponential function (1) was reasonably good at lower ER values while at the highest ER value, the linear function could also be used. In this case, the NOX concentration was lower, while the production efficiency of O radicals and ozone was higher which reduced the importance of back-reaction [20] and made the dependence between NO oxidation and SIE linear [36]. The kE can be obtained by plotting ln(NO0/NO) as a function of SIE. The value of kE as a function of ER is shown in Figure 5.



The smallest value (0.09 L/J) of kE was obtained at stoichiometric ER. An increment of the combustion air amount led to increase of the removal rate kE to 0.123 L/J and to 0.156 L/J at ER values 1.2 and 1.4, respectively. The increase of kE at higher ER values can be explained by the increased oxygen concentration which improves the production of oxygen radicals and ozone responsible for NO oxidation to NO2 [56,57]. The oxygen concentration further decreased at ER values below 1 where the importance of an oxidative removal channel also clearly decreased. At the same time, the N radical production increases at very low oxygen concentration [32] which can explain the increase of kE value and is consistent with the experimentally observed smaller fraction of NO oxidized to NO2. A possible explanation for the increased oxidation efficiency at the lowest ER value is the presence of hydrocarbons which is known to enhance the oxidation of NO to NO2 [58].




3.3. Ozone Treatment


The back-reaction of NO2 to NO by O radicals limits the oxidation efficiency in the direct plasma treatment and this reaction can be avoided when only ozone reaches the flue gas. The concentrations of NO and NO2 as functions of SIE during the indirect ozone treatment are shown in Figure 6 for different ER values. It should be noted that in these experiments the initial values of NO concentrations were somewhat smaller due to the dilution by 0.5 L/min of O2. The removal of NO and production of NO2 was a linear function of SIE up to the point where all NO was removed and NO2 concentration achieved the value (40 ppm) of inlet NO concentration. At higher SIE values, the NO2 concentration remained practically constant while ozone appeared in the outlet and the concentration of ozone increased proportionally to the SIE. The oxidation of NO to NO2 did not depend on the air ER and was solely a function of ozone production. Furthermore, the oxidation of NO was achieved at an order of magnitude lower input energy values than in the case of direct plasma treatment. The efficiency of NO oxidation to NO2 was calculated from the slope of linear fit of experimental results shown in Figure 6 and taking into account the dilution of exhaust gas by 0.5 L/min of O2. The efficiency was 25 ppm of NO per (J/L) which is comparable to the ozone production efficiency of 30 ppm of O3 per (J/L) of the same device [52]. It should be noted that this efficiency was achieved by using pure oxygen. The ozone production efficiencies in dry air are two to three times lower [52]. Nevertheless, the NO oxidation efficiency by ozone produced from dry air would still be higher than the NO oxidation efficiency by plasma.



These results show that in the case of ozone treatment, NO is oxidized to NO2 by O3: NO + O3 → NO2 + O2. This reaction is relatively fast occurring in a sub second time-scale. As a consequence, all produced ozone was effectively consumed by the oxidation of NO until all NO was oxidized to NO2. At even higher inlet ozone concentrations, the produced NO2 can be oxidized to N2O5 by the reactions NO2 + O3 → NO3 + O2 and NO2 + NO3 + M → N2O5. The oxidation of NO2 to N2O5 is slow and takes tens of seconds to occur which explains the practically constant NO2 concentration and linearly increasing ozone concentration at higher SIE values. The removal rate did not depend on the ER ratio because ozone was produced from pure oxygen independently of the flue gas composition.




3.4. Ozone Treatment with TiO2 Catalyst


The possibility to improve the oxidation of NO2 to N2O5 was further investigated by including TiO2 catalyst in the reaction zone containing ozone. The reaction chamber was heated to 100 °C because earlier experiments have shown that the catalyst is most efficient at these conditions [59]. Besides, the ozone oxidation also improves at higher temperatures [59] and the results obtained in the presence of catalyst were compared to those obtained in the absence of the catalyst in the same conditions. It should be noted that the catalyst alone had no detectable effect on the NO concentration.



The relative concentration of NO2, [NO2]/[NO]in, as a function of relative inlet ozone concentration, [O3]in/[NO]in, during the indirect ozone treatment in presence and the absence of catalyst is shown in Figure 7 for different ER values. The removal of NO2 was slightly more efficient in the presence of catalyst but the improvement remained within the limits of uncertainty. The removal of NO2 can be attributed to the oxidation to N2O5 which subsequently further reacted with H2O to form HNO3. Traces of HNO3 were also observed in the FTIR spectra but the concentrations were too low for quantitative analysis.



The results were fitted by formula derived for the NO2 oxidation by ozone in dry mixtures of oxygen and nitrogen [20]:


    N  O 2     N O   i n    =   2     O 3    i n     N O   i n    − 3    2     O 3    i n     N O   i n    − 2  e x p   2     O 3    i n     N O   i n    − 3    N O   i n   k τ  − 1   ,  



(2)




where k is an efficient reaction rate coefficient and τ is the residence time.



According to Equation (2), the removal of NO2 should be less efficient at lower initial NO concentrations and this was also observed in experiments. The catalyst increased the reaction rate k by 10-50%, but the differences remained within the uncertainty of the measurements. Our earlier measurements have demonstrated 2–3 times higher removal efficiency in the presence of TiO2 catalyst [20,59] but these results were obtained in the dry mixtures and at considerably higher NOx concentrations. It is possible that water vapor, CO2, CO or trace amounts of unburned hydrocarbons (only at ER = 0.8) block some of the active sites on the surface and decrease the efficiency of catalyst.





4. Conclusions


The present study was carried out to investigate NOx removal from real flue gas originating from the methane combustion at different ER values using the direct plasma treatment, the ozone treatment and the ozone treatment in the presence of TiO2 catalyst. It was determined that the residual oxygen in the flue gas plays an important role for NO to NO2 oxidation by the direct plasma treatment when O2 concentrations are equal or higher than 6%. At lower O2 concentrations, the NO removal efficiency increases due to the growing importance of other processes. In the case of ozone treatment, addition of O3 to flue gas showed promising results as NO formed during combustion was fully oxidized to NO2 at all ER values. Besides, the ER value had no influence on the NO oxidation efficiency which was determined solely by the ozone production efficiency of the barrier discharge device. However, the efficiency of ozone oxidation of NO2 to N2O5 remained low.



The NO2 oxidation using TiO2 catalyst was higher than in case of ozone but as in the previous case, the effect remained still low. It is considered that supply of low temperature flue gases caused a poor catalytic effect because water vapor, CO2 or unburned hydrocarbons (at ER 0.8) accumulated on the active sites of the catalyst surface.



It was calculated that the NO treatment by plasma for the combustion setup used here consumes only 1% of the total generated power if all the exhaust gas is supplied through the plasma reactor. In the case of ozone treatment, the efficiency is even higher. This also results in a higher economic feasibility of the ozone treatment. The ozone treatment is also more straightforward from the engineering point of view. Ozone is produced by separate DBD based ozonizers and the produced ozone is injected into flue gas. This allows to circumvent the problems related to the condensation of water vapor on the reactor walls and high back-pressure in the case of very high flue gas flow rates.
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Figure 1. A scheme of combustion and NOX removal system: 1—a combustion chamber; 2—a gas burner; 3—a rotameter; 4—a probe for collecting the flue gas; 5—a rotary vane pump; 6—a condensation unit; 7—a dielectric barrier discharge device; 8—TiO catalyst. 
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Figure 2. Methane flame at different equivalence ratio (ER) values. 
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Figure 3. The effect of ER on the (a) relative concentrations of CO2 and CO and (b) concentration of NO and NO2 in the exhaust gas of the gas burner. 
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Figure 4. The direct plasma oxidation of nitrogen oxide at ER (a) 0.8; (b) 1.0; (c) 1.2; (d) 1.4 value (Lines show the fit of experimental results by exponential function (1). 
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Figure 5. NO removal efficiency kE as a function of ER. 
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Figure 6. The concentrations of NO, NO2 and O3 as a function of specific input energy (SIE) by ozone injection at ER (a) 0.8; (b) 1.0; (c) 1.2; (d) 1.4 value (Lines show theoretical concentrations). 
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Figure 7. Relative concentration of NO2, [NO2]/[NO]in, as a function of relative inlet ozone concentration, [O3]in/[NO]in, during the ozone treatment in presence (red circles) and absence (blue circles) of the catalyst at ER (a) 0.8; (b) 1.0; (c) 1.2; (d) 1.4 value (the lines show theoretical values calculated according to the formula (2). 
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Table 1. Inlet parameters for fuel and air flows at different air equivalence ratios.
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Air Equivalence Ratio

	
CH4, L/min

	
Air, L/min

	
Overall flow, L/min

	
Generated Power, kW






	
0.8

	
1

	
7.6

	
8.6

	
0.56




	
1.0

	
9.5

	
10.5




	
1.2

	
11.4

	
12.4




	
1.4

	
13.3

	
14.3
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