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A B S T R A C T   

This paper focuses on the combustion of hydrogen in boilers, as it appears to be a more effective method than 
using fuel cells for heating purposes due to higher boiler efficiency. One of the main disadvantages of hydrogen 
combustion in air is NOx formation. Therefore, the authors decided to introduce corona discharge as an inno-
vative technique to clean hydrogen flue gas by effectively reducing NOx levels. The method involves generating 
positive plasma at atmospheric pressure by applying up to a 23 kV voltage difference between rod and ring- 
shaped electrodes. Experimental studies have shown that corona discharge can significantly lower the concen-
trations of NO and NOx in exhaust gases. The maximum DeNOx level was found to be 32.3%, while the plasma 
generator uses 17.5% of the power contained in burned hydrogen. The findings suggest that this technology 
holds potential for application in industrial hydrogen combustion systems, offering an environmentally friendly 
alternative to conventional NOx reduction methods.   

1. Introduction 

With the growing concern for climate change and the need for sus-
tainable energy sources, hydrogen has emerged as a promising alter-
native to traditional fossil fuels. However, the combustion of hydrogen 
can still result in the emission of nitrogen oxides, which contribute to air 
pollution and have detrimental effects on human health and the envi-
ronment. This article aims to present corona discharge as a novel tech-
nique to clean hydrogen flue gas by effectively reducing NOx levels. 

Hydrogen as a fuel offers many positive features such as very high 
energy density, wide flammability range, no emission of CO2 or SOx, it is 
not a fossil fuel, can be manufactured in several ways and is one of the 
most sustainable fuels. Unfortunately, there are also some engineering 
challenges such as fire and explosion safety, high volume of storage in 
pressurized form, low temperature of storage in liquefied form, and 
losses through the walls of the receiver/boil-off gas. 

The manufacturing of hydrogen has three main degrees of environ-
mental impact. The synthetic cracking of hydrocarbon chains in fossil 
fuels produces gray hydrogen. If the CO2 during the process is captured 
and stored it is called blue hydrogen. The most environmentally friendly 
is green hydrogen, made by electrolysis of water using a renewable 
source of energy. As green hydrogen is the most expensive, its share in 

global production is only 4% [1]. High hopes are made for the devel-
opment of nuclear thermolysis hydrogen generators. 

There are two main ways to use hydrogen as a fuel. The first is 
electrochemical by fuel cells directly producing direct current. The 
second is combustion for thermal energy demanded by boilers or en-
gines. The paper focuses on the combustion of hydrogen in boilers as it 
seems to be a more effective way than using fuel cells in boilers. The 
thermal efficiency of marine fired boilers is 92–98% [2]. Using fuel cells 
for the same purpose, the boiler would be heated by electricity, which 
will be generated from hydrogen. Electrically heated boiler efficiency 
could be up to 100%, but the efficiency of popular PEM fuel cells is only 
up to 60% [3,4]. On the other hand, one of the main disadvantages of 
hydrogen combustion in the air is NOx formation. If there will be a more 
effective method of NOx removal, the combustion of hydrogen could be 
reasonable. It should be mentioned that there are also some engineering 
challenges with hydrogen-fueled boilers such as high combustion tem-
perature, fast flame propagation (flashback possibilities), operation 
safety, and hydrogen supply. Most studies focus on pure hydrogen’s 
impact on the atmosphere, caused by hydrogen leakage from the dis-
tribution system, and do not analyze the combustion of hydrogen as 
assuming its usage only by fuel cells [5–7]. This is why the authors 
decided to investigate the NOx formation process and exhaust gas 
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cleaning method from hydrogen combustion using corona discharge. 
Considering the shipping industry there are global limits on NOx 

emission in the emission control area (ECA) for combustion engines. 
Since 2016 these limits are in Tier III depending on n = rated engine 
speed (rpm) and are:  

• 3.4 g/kWh when n is less than 130 rpm,  
• 9⋅n− 0.2 g/kWh when n is 130 or more but less than 2000 rpm,  
• 2.0 g/kWh when n is 2000 rpm or more [8]. 

There is a lack of regulations for NOx emission from fired boilers 
(especially from hydrogen-fueled boilers, which, apart from pilot 
studies, are not utilized on ships yet) as their emissions are only a small 
part of the ship’s total emission. Such legislation may emerge in the 
future. 

2. Nitrogen oxide formation 

The hydrogen generator consists of two tanks containing electrodes. 
Tanks are filled with a 15% water solution of sodium hydroxide (NaOH). 
The following chemical reactions occur during the electrolysis of water 
solution of active metals hydroxides:  

• Oxidation at the anode (+) 

4OH− → O2 +2H2O + 4e    

• Reduction at the cathode (− ) 

4H2O+4e → 2H2 + 4OH−

• Overall redox reaction 

2H2O → O2 + 2H2 

The gasoeus products from both electrodes are mixed, making the 
addition of air unnecessary, as the stoichiometry of the gas mixture is 
optimal for combustion. Such gas is commonly called HHO (Hybrid 
Hydrogen Oxygen). From the electrodes, gas flows to the small pressure 
tank and to the burner nozzle. The combustion of hydrogen is one of the 
simplest processes, and in the atmosphere of pure oxygen it leads to the 
reaction: 

2H2 +O2→2H2O 

In the case of the hydrogen combustion taking place in air, the 
additional processes involving the air components, mostly nitrogen, as 
reactants have to be taken into account. 

The hydrogen burns at a temperature exceeding 2000 ◦C, while 
thermal NOx formation occurs at temperatures above 750 ◦C, so emis-
sion of NOx during hydrogen combustion occurs similarly as in the case 
of combustion of fossil fuels. The combustion temperature is closely tied 
to nitric oxide formation [9,10]. As shown at Fig. 1 the hotter flame the 
more nitrogen oxides are produced. Error bars represent one standard 
deviation of the mean (similarly for the next figures). 

The combustion causes the splitting of normally stable molecules 
apart and the following reactions of nitrogen oxide formation appears 
[11]: 

N2 +O⇒
k1 NO + N  

N+O2⇒
k2 NO + O  

N+OH⇒
k3

NO + H  

Where k is the rate constants of nitrogen oxide formation reactions in 
m3⋅kmol− 1⋅s− 1 and according to Ref. [12], they are respectively: 

k1 =3.1 • 1010 • e
− 160

T  

k2 =6.4 • 106 • Te
− 3125

T  

k3 =4.2 • 1010 

Other rate constants resulting from experimental studies can be 
found in the [13] book. 

Afterward, nitric oxide connects with oxygen, and nitrogen dioxide is 
formed. 

2NO+O2 = 2NO2 

Nitrogen dioxide is a yellow to brown asphyxiant gas depending on 
the temperature. It is also a strong oxidizing agent and a poison that 
irritates the respiratory tract. By reaction with water, nitric acids are 
formed due to the disproportionation of nitrogen dioxide [14]: 

2NO2 +H2O = HNO3 + HNO2 

Spontaneously nitrogen dioxide could convert into dinitrogen te-
troxide at a temperature over 147 ◦C. 

2NO2⇆N2O4 

The process of NO formation is an exponential function of temper-
ature. The amount of NO produced over time can be determined using 
the extended Zeldovich mechanism calculation, provided that the oxy-
gen concentration is assumed to be greater than the equilibrium level: 

d[NO]

dt
= 6 • T− 0.51016e

− 69090
T • [O2]

2
[N2]

Where T is temperature in K and [NO/O2/N2] is the equilibrium con-
centration of respective chemical species in mol⋅cm− 3 [15,16]. 

3. Nitrogen oxide removal 

As the combustion temperature has a significant impact on NOx 
formation, there are a few mechanisms to reduce it. In modern engines, 
the basic method is changing the fuel-air mixture to obtain lean-burn 
conditions and usage of Exhaust Gas Recirculation (EGR) where some 
part of cooled exhaust gas are flowing back to the combustion chamber. 
Most of burners have a special design to reduce the burning temperature 
[17,18]. However, reducing thermal NOx emission can lead to a 
reduction of desired parameters such as energy output (mechanical 
energy in combustion engines or thermal energy in boilers), overall ef-
ficiency, and increased emission of other gases (ex. Hydrocarbons). 
Therefore the hydrogen boiler designer has to find a balance between 
NOx emission and a reduced level of performance which generates 
increased operating costs. 

Fig. 1. NO, NO2 and NOx quantity as a function of burner power.  
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There are an array of technologies for the after-treatment of exhaust 
gases to reduce NOx emissions. In the maritime industry, the most 
common is selective catalytic reduction (SCR). For vehicles beyond SCR, 
these are three-way catalytic converters (TWC) and lean NOx traps 
(LNT) which are most often combined for the best exhaust gas purifi-
cation. All mentioned methods are capable to reduce NOx levels from 
hydrogen exhaust gas as well as from fossil fuels exhaust gas. Unfortu-
nately, they increase investment costs, operational costs, and system 
complexity. 

The average investment cost of SCR reactors, which are most 
commonly used in the maritime industry, is $45 per kW of engine 
nominal power, while the operational cost is $940 per ton of NOx [19]. It 
is difficult to compare the investment cost of a plasma reactor because 
there is a lack of full-scale reactors existing on board. However, it can be 
assumed that the cost will be lower because SCR requires an entire urea 
system. The main operational costs of SCR are for urea and electricity, 
which can be estimated at $0.005 per kWh, while the operational cost 
for the plasma reactor $0.02 per kWh [20]. 

The method proposed in this paper is the low-energy corona 
discharge set in the hydrogen exhaust gas manifold. Plasma is generated 
at the atmospheric pressure, by applying a high potential difference 
between two electrodes where one has a sharp tip. Due to the electric 
discharge, the exhaust gas is ionized around the thinnest electrode. The 
intensity of the discharge depends on the air gap, the potential differ-
ence, pulse frequency, the shape of the electrodes, and the medium 
property in which the discharge is located [21,22]. There can be 
distinguished the positive and negative corona discharge according to 
the voltage polarity. Positive corona discharges have lower free electron 
density. However, the electrons in a positive corona discharge contain 
more energy and are more concentrated, which is why negative corona 
discharges are optically bigger than positive ones [23]. 

One can assume that the combustion products of a hydrogen burner 
consist of N2, O2, H2, H2O, NO and NO2. CO and CO2 may be omitted due 
to their low concentrations in the air. Chemical reactions during the gas 
flow through the corona reactor can be divided into 3 stages [24]:  

1. Discharge Stage: High-energy electrons bombard gas molecules, 
breaking covalent bonds, creating free radicals, and exciting 
decomposed atoms to an unstable state.  

2. Post-discharge Stage: Excited-state atoms from the first stage collide 
with gas molecules, generating secondary radicals. These radicals 
then interact with other particles, leading to quenching or the gen-
eration of new radicals.  

3. Free Radicals React with NOx Stage: reaction of the free radicals with 
NOx. 

The operating principle of corona discharge treatment is similar to 
electron beam treatment because both techniques result in a signifi-
cantly larger portion of electrical energy going into the production of 
electrons, rather than into gas heating [25]. 

The Fig. 2 illustrates the reaction mechanism in the corona discharge 
chamber. Subsequently, the formed free radicals react with other spe-
cies, creating new compounds. In the reactor chamber, there are several 
dozen different chemical reactions. The most important ones are as 
folows [24]: 

e+NO → e+ ⋅ O+ ⋅N (R1)  

e+NO2 → e+NO+ ⋅O (R2)  

e+H2O → e+ ⋅ OH+ ⋅H (R3)  

⋅O+NO→NO2 (R4)  

⋅N+NO → N2 + ⋅O (R5)  

⋅OH+NO→HNO2 (R6)  

⋅O+NO2 → NO + O2 (R7)  

⋅N+NO2 → N2 + O2 (R8)  

⋅OH+NO2→HNO3 (R9)  

⋅O+O2→O3 (R10)  

NO+O3 → NO2 + O2 (R11)  

NO2 +O3 → NO3 + O2 (R12) 

The equations R1 – R3 represent the reactions occurring in the 
Discharge Stage and describe the dissociacion of the molecules of ni-
trogen oxides (R1, R2) and water (R3) by the high-energy electrons. The 
radicals created during this process are involved in subsequent reactions 
with other chemical species present in the system and occur in the Post- 
discharge Satage. However, in the case of the part of these reactions 
where the radicals react with nitrogen oxides (R4 – R9) the Free Radicals 
React with NOx Stage can be distinguished as a stage that determines the 
concentration of NOx. Taking into account the aim of the work the re-
actions R5, R6, R8 and R9 are involved in the diminishing of the ni-
trogen oxides concentration. 

The focus of the present solution is the plasma generation across the 
entire cross-section of the reactor, hence a single electrode in the form of 
an adjustable-length rod was employed. The selection of a single elec-
trode is justified by the ease of achieving maximum intensity of corona 
discharge in the stream of hydrogen exhaust without arc ignition. Pre-
vious studies [26] demonstrate the highest efficiency in NOx removal in 
Dielectric Barrier Discharge Plasma Reactors with multipoint electrodes. 
Similarly effect, applies to the polarity of the ionizing electrode. Under 
positive biasing, the generated plasma is more intense, less susceptible 
to arcing and breakdown. That is why in the experiment, the corona 
discharge was positive (+ on the rod electrode), as in comparison, the 
negative corona was found to have a smaller effect on the denitrification 
(DeNOx) in the same conditions [27,28]. It is well known that after 
corona treatment the concentration of NO decreases, but the concen-
tration of NO2 increases, as NO is oxidized to NO2. The effect intensifies 
when the applied discharge voltage rises [29]. The overall NOx balance 
is negative, due to the fact that a portion of the NOx is transformed 
through its interaction with OH radicals in the plasma reactor [30]. 

The humidity of flue gases significantly affects the interaction of 

Fig. 2. a) Reacion mechanism in corona chamber b) Graphic diagram of the 
main NOx reduction reactions, where O atoms are red, N atoms are blue, and H 
atoms are yellow. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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corona discharge in the DeNOx process. Water molecules absorb elec-
trons in the coronas and turn into slow negative ions. They affect the 
discharge characteristics – lower the discharge current and reduce 
corona region. Under higher humidity conditions at the same discharge 
power, the efficiency of DeNOx is increased. This is because oxygen with 
higher relative humidity supplies more H2O molecules, leading to the 
production of additional OH radicals. Consequently, more NOx mole-
cules are converted into HNOx molecules at the same power level [29]. 
Many research confirms that the efficiency of DeNOx can be increased by 
adding a catalyst made of Ag2O or TiO2 into the reactor or by injecting 
an NH3 solution (SCR) [31–33]. 

4. Apparatus and methods 

Several experimental studies have been conducted to investigate the 
NOx removal efficiency of corona discharge in hydrogen flue gas. These 
studies involve the design and construction of reactor, where various 
parameters such as voltage, flame temperature, gas flow rate, and 
electrode configuration are optimized. The experiments typically mea-
sure the NOx removal efficiency and evaluate the influence of different 
operating conditions on the process. The proposed NOx removal method 
was tested at a laboratory station shown in Fig. 3. The process reactor is 
a tube made of transparent polycarbonate with a diameter of 100 mm 
and a lencgth of 2 m. The section conneacting the HHO burner to the 
polycarbonate tube is made of stainless steel tubing and tightly connects 
at the bottom of the reactor. The hydrogen-oxygen mixture is prepared 
in an electrolyzer and stored under pressure in a tank. The pressure of 
the HHO supplied to the burner is stabilized using a precise and leak-free 
pressure regulator. The power of the NOx emitter burner (and conse-
quently the flame temperature) is controlled using a proprietary precise 
mechanism that regulates the burner valve. A microcontroller-based 
system ensures repeatability of the valve opening degree. 

To generate corona discharge between electrodes, a flyback pulse 

converter with a frequency of 50 ± 3 kHz was employed. The flame 
temperature was measured using a type K thermocouple positioned 25 
mm above the burner nozzle. The three measurement points of the flue 
gas analyzer were located at 240, 655, and 1040 mm above the plasma 
reactor, respectively. At the top of the reactor, a regulated fan was 
installed, which prevented water vapor from condensing on the reactor 
walls and ensured a constant flue gas flow of 2.6 or 3.1 dm3 s− 1. Water 
caused disturbances in measurement and made it impossible to achieve 
a steady state reactor operation. 

The active experiment was conducted according to a static pre-
determined research plan, in which for each measurement point 
covering specific HHO pressure, a series of five repetitions were carried 
out. Each repetition comprised one full cycle of filling and emptying the 
tank with the HHO mixture. The pressure in the HHO generator tank is 
maintained using a pressure switch with a hysteresis of 50 kPa. Simi-
larly, measurements were made for changes in plasma intensity. The 
obtained results of nitrogen oxides concentration, measured using an 
electrochemical exhaust gas analyzer Testo 350, represent the arith-
metic mean for each measurement point consisting of five repetitions, 
with the exhaust gas analyzer (EGA) sampling every 10 s. 

5. Result and discussion 

The results of the study on the influence of the pressure and tem-
perature of burnt HHO on the amount of nitrogen oxides produced are 
shown in Fig. 4 a) for NOx, b) for NO2, and c) for NO. All cases were 
studied with the plasma reactor turned on and off for two different 
exhaust flow rates in the chamber. For all nitrogen oxides, it is notice-
able that at an exhaust flow rate of 2.6 dm3 s− 1, higher concentrations 
are observed compared to 3.1 dm3 s− 1, as the exhaust gases are less 
diluted with air by fan. Each nitrogen oxide content increases with the 
increase in HHO burner pressure and thus the flame temperature. 
Comparing the amount of nitrogen oxides with the plasma reactor 
operating at 21 kV (12.9 W) to the reference conditions, it can be found 
that the NO amount has practically dropped to zero for all HHO pres-
sures. Additionally, with the plasma generator turned on, a significant 
increase in NO2 is observed on chart b). Despite this, on chart a), it can 
be seen that the concentration of NOx, which is the sum of NO and NO2, 
decreases when the plasma reactor is turned on for concentrations 
higher than 10 ppm for an exhaust flow rate of 2.6 dm3 s− 1 and for 
concentrations higher than 8 ppm for an exhaust flow rate of 3.1 dm3 

s− 1. For the lower fan rotation speed and burner set at 100 kPa, the NOx 
concentration was measured at 18.95 ppm, while after starting the 
plasma reactor, this value dropped to 15.98 ppm. An important fact is 
that for low NOx contents in the tested gas, the activation of the plasma 
generator results in an increase of their concentration. On graph a), 
these points are marked as purification starting points. The Fig. 4 d) 
shows the change in temperature and NOx content in exhaust gases 
depending on the distance of the measurement location from the plasma 
reactor. It can be observed that, as expected, the temperature of the 
exhaust gases decreases as the distance from the reactor increases. With 
the plasma reactor operating at 21 kV, the temperature was corre-
spondingly higher than when it was turned off, due to the additional 
heating of the gases by the corona discharge. The decrease of NOx 
concentration is also evident due to the higher dilution of exhaust gases 
in the upper part of the chamber. With the corona discharge activated, it 
can be observed that both blue curves are not parallel, and for closer 
distances to the reactor, the cleaning rate was higher than for farther 
distances. This is due to two factors. Firstly, for lower concentrations, 
NOx plasma removal has a smaller effect or may even have a reverse 
effect, generating additional NOx. Secondly, during the ionization of 
exhaust gases, free radicals had the most time to react when the NOx 
content was measured at a distance of 1040 mm from the reactor. 

Using a hygro-thermo-meter, the humidity and gas temperature were 
measured under the same conditions: HHO pressure 100 kPa, exhaust 
gas flow rate 2.6 dm3 s− 1, and corona discharge voltage 21 kV. The 

Fig. 3. a) NOx removal laboratory station diagram. 1 - process reactor column, 
2 - ring HV electrode, 3 - exhaust gas emitter, 4 - proportional valve controller, 
5 - leak-free pressure regulator, 6 - pressure tank for HHO, EFR - electronic fan 
speed controller, EGA - exhaust gas analyzer, EVC - electronic valve controller, 
HHOG - electrolytic hydrogen-oxygen mixture generator, HHOP - pressure 
supplying the burner, HHOG - pressure in the HHO generator tank, HVG - high 
voltage generator, TC - thermocouple, b) high voltage electrode detail. 
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results are presented in Table 1. 
It can be seen that after starting the plasma generator, the gas tem-

perature increased, as shown in Fig. 4 d). The absolute humidity 
decreased because part of the water vapor was broken down into oxygen 
and hydroxy radicals (R3), forming new chemical compounds. Addi-
tionally, based on the Mollier chart (assuming that the exhaust gases of 
the HHO burner are treated as moist air), the gas enthalpy can be 
approximately determined, which increased by 2.58 kJ/kg after turning 
on the plasma generator. 

The power consumed by the plasma generator and the HHO gener-
ator was measured using electrical meters, and the efficiency of both 
devices was taken into account in all calculations. The efficiency of the 
HHO burner was determined using a calorimeter and is equal to ηb =

23.5 ± 4 %, while efficiency of plasma generator was calculated based 
on voltage drop on each generator component: ηpg = 60 ± 5 %. The 
dependence of the plasma generator’s power on the corona discharge 
voltage is shown in Fig. 5 a). When the voltage was below 15 kV, corona 
discharge was not visible, while above 22 kV, with an air gap of 36 mm, 
an electric arc ignited, so this value was assumed to be the maximum 
possible for testing. The long-term safety operation has been estimated 
at 21 kV. Oscilloscope testing showed that the current frequency for the 
high-voltage part of the plasma generator was 50 ± 3 kHz, which was 
constant for all voltage values. The Fig. 5 b) shows the relative change in 
NOx content after activating the plasma generator at 21 kV voltage for 
two exhaust flow rates as a function of the Specific Energy Density (SED) 
of the HHO generator. The flow rate of 2.6 dm3 s− 1 was characterized by 

a higher NOx content. At SED value of 19.5 J dm− 3, a cleaning effect was 
achieved with the maximum value of 25.7% for HHO SED equal to 25.5 
J dm− 3. On the other hand, for a higher exhaust gas flow rate at a low 
SED value, the NOx removal efficiency become negative by over 175% as 
it was confirmed in paper [24]. The cleaning effect was only achieved 
for SED HHO = 25.5 J dm− 3. The Fig. 5 c) shows the relative change in 
NOx content as a function of the plasma generator’s SED for an exhaust 
gas flow rate of 2.6 dm3 s− 1, HHO pressure of 100 kPa, and flame 
temperature of 1039 K. s the corona discharge voltage (and thus SED) 
increases, the relative NOx removal value increases, indicating a positive 
correlation between the plasma generator’s operating parameters and 
the efficiency of NOx removal. The dashed line marks the SED value 
above which (blue points) the NO content became lower than the NO2 
value in the examined exhaust gases. The measurement points are 
described using a second-order approximating function with a 95% 
confidence band marked. The maxiumum removal efficiency for 4.95 
SED (22 kV plasma voltage) was 32.3 %. 

6. Summary and conclusion 

Experimental investigation was conducted to remove NOx from 
hydrogen exhaust gas with corona discharge system and the following 
conclusions have been obtained:  

• The exhaust gases of hydrogen subjected to plasma treatment change 
their composition. NO decreases, NO2 increases, but their total NOx 
also decreases.  

• The maximum investigated level of DeNOx was 32.3% for a plasma 
SED of 4.95, during the SED of the HHO generator was over 28 J 
dm− 3.  

• The distance of NOx concentration measurement from the reactor is 
significant due to the dilution of exhaust gases and the prolonged 
interaction of free radicals in hydrogen flue gas. 

Fig. 4. Nitrogen oxides reference ammount and with activated plasma reactor, a) NOx, b) NO2, c) NO. d) NOx amount and exhaust gas temperature depending on the 
measurement distance from the reactor. 

Table 1 
The temperature, absolute humidiy and enthalpy of hydrogen exhaust gases.   

T [K] x [g⋅m− 3] i [kJ⋅kg− 1] 

Athmosphere 299.25 7 44.12 
Without plasma 312.65 13.5 74.51 
With plasma 317.65 12.5 77.09  
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• The initial concentration of NOx in the exhaust gases is very signif-
icant. At low NOx concentrations (below 8–10 ppm) in the exhaust 
gases, activating the plasma generator results in negative removal 
efficiency. 

Corona discharge presents a promising approach for cleaning 
hydrogen flue gas from nitrogen oxides. The technology’s ability to 
remove NOx efficiently, coupled with its compatibility with existing 
systems, makes it an attractive option for mitigating the environmental 
impact of hydrogen boilers. Future research efforts should focus on 
addressing the challenges associated with corona discharge, such as 
reactor design optimization and cost-effective scaling, to enable its 
widespread adoption in industrial settings. It should also investigate 
DeNOx for higher concentrations and compare the obtained results with 
the impact of UV light on NOx reduction using different wavelengths. 
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