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Article type Given the significant contribution of building heating systems to combustion-related pollutant
Research Article emissions, the application of advanced post-combustion technologies to improve exhaust gas

quality and mitigate environmental impacts has become increasingly important. In this study, the
performance of a dielectric barrier discharge (DBD) cold plasma reactor was experimentally
investigated in two residential heating systems, including a cast-iron hot-water boiler and a wall-
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Keywords emissions by 36% and 50% in the cast-iron boiler and wall-mounted gas water heater,
Cold plasma reactor respectively, while also enhancing the oxidation of combustion products. In contrast, nitrogen
Combustion products oxide emissions increased by 44% in the cast-iron boiler and 52% in the wall-mounted gas water
Heating systems heater. Although the findings confirm the high potential of cold plasma technology for reducing

Reduction of environmental pollutants major combustion pollutants, they also identify the increase in nitrogen oxides as a critical

challenge, highlighting the need to optimize reactor operating parameters to achieve simultaneous
control of these pollutants.

Introduction

The widespread use of wall-mounted gas water heaters and cast-iron hot water boilers in residential buildings
contributes significantly to urban air pollution through emissions such as carbon monoxide (CO), nitrogen oxides
(NOx), and unburned hydrocarbons (HC). Despite advances in combustion efficiency, implementing conventional
exhaust after-treatment systems in small-scale heating appliances remains challenging due to space limitations,
low exhaust temperatures, and economic constraints.Non-thermal plasma (NTP) technology has emerged as a
promising low-temperature emission control method because it generates highly reactive species, including atomic
oxygen and hydroxyl radicals, without significantly increasing gas temperature. These reactive species can
promote oxidation and decomposition of combustion pollutants under practical operating conditions.

In this study, a dielectric barrier discharge (DBD) cold plasma reactor was experimentally integrated into the
exhaust systems of a wall-mounted water heater and a cast-iron boiler operating under real conditions. The main
objective was to evaluate the effectiveness of cold plasma technology in reducing combustion-related pollutants
in residential heating systems without modifying the combustion chamber or burner structure.

Materials and Methods

A dielectric barrier discharge (DBD) cold plasma reactor was installed in the exhaust pathway of a wall-
mounted gas water heater and a cast-iron hot water boiler. Pollutant concentrations were measured before and after
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plasma activation under stable operating conditions using a combustion gas analyzer. Experimental measurements
were repeated five times to improve repeatability and reliability.

Results and Discussion

The experimental results demonstrated that cold plasma treatment significantly reduced carbon monoxide (CO)
and unburned hydrocarbons (HC) in both heating systems. In the cast-iron boiler, CO and HC decreased by
approximately 52% and 36%, respectively, while reductions of about 40% and 50% were observed in the wall-
mounted water heater.However, unlike CO and HC, nitrogen oxide species increased after plasma activation. NOx
concentration increased by approximately 44% in the cast-iron boiler and 52% in the wall-mounted water heater.
Similar increasing trends were observed for NO and NO: concentrations.The increase in nitrogen species can be
attributed to plasma-induced activation of nitrogen and oxygen molecules inside the DBD reactor. High-energy
electrons generated during the discharge process promote NO formation reactions, particularly under conditions
of high specific plasma energy and short gas residence time. These findings indicate that NOx behavior in non-
thermal plasma systems strongly depends on operating parameters such as plasma energy density, oxygen
concentration, reactor geometry, and residence time. Despite the increase in NOX, the results confirm that non-
thermal plasma effectively enhances oxidation pathways responsible for CO and HC reduction without causing
noticeable deterioration in the thermal performance of the heating systems.

Conclusion

This study experimentally investigated the application of a dielectric barrier discharge (DBD) cold plasma
reactor for exhaust emission control in residential heating systems. The results showed that non-thermal plasma
effectively reduced carbon monoxide and unburned hydrocarbons in both the cast-iron boiler and wall-mounted
water heater. However, increases in NOx species were also observed under the present operating conditions due
to plasma-assisted nitrogen activation reactions. Overall, the findings demonstrate the potential of cold plasma
technology as a compact and retrofit-compatible post-combustion treatment method for heating systems.
Nevertheless, further optimization of reactor design and operating parameters is required to improve NOx control
performance.
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Figure 1 - Cast iron hot water boiler with 9 fins, capacity 97 kW
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Table 1- Technical specifications of cast iron hot water boiler with capacity 97 kW

Description Unit Value
Boiler model S300-9
Number of fins Pcs 9
Thermal power kw 97
Water volume of boiler lit 40.3
Boiler flue outlet diameter mm 124
Combustion chamber volume m? 0.726
Burner port diameter mm 110
Boiler length (A) mm 961
Maximum allowable operating temperature °C 105
Maximum allowable operating pressure bar 4
Gaseous fuel type Natural gas —
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Figure 2 - Technical specifications of gas burner with capacity 120 kW
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Table 2- Technical specifications of gas burner, 120 kW

Specifications Unit Value
Burner model - CKI-G120
Minimum capacity kw 47
Maximum capacity (at sea level) kw 124
Gas type and heating value range kcal/m? (Natural Gas) 7900 — 9450
Suitable gas pressure mbar 15-40
Voltage, operating frequency, and power consumption | V- Hz- W 220 - 50— 140
Motor speed RPM 2800
Maximum gas consumption m*/h 13
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Figure 3 — A view of cold plasma reactor of dielectric barrier discharge type and its main components
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Table 3- Dimensional and technical specifications of the reactor

Parameter Unit Value
Voltage kv 12
Current mA 30
Input Power W 90
Reactor Type — Dielectric Barrier Discharge (DBD)
Dielectric Material — Borosilicate Glass
High-Voltage Electrode Material — Copper
Outer Coating Material — Aluminum Foil
Reactor Chamber Volume L 2.12
Borosilicate Pipe Diameter mm 100
Borosilicate Pipe Length mm 270
Copper Wire Diameter mm 1
Gas Inlet/Outlet Diameter mm 20
Copper wire spacing mm 22
Dielectric thickness mm 5
Type of power supply — high-voltage neon transformer
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Figure 4 - Schematic diagram of the cold plasma reactor and heater water
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Table 4- Technical specifications of the wall-mounted water heater

Parameter Value
Model WI118IF
Product Classification H2H3B/P
Product Type B52
Fuel Type Natural Gas
Gas Pressure Rate 20 mbar
Flow Rate Range 5-18 L/min
Minimum Water Inlet 3 L/min
Input Power 34 kW
Domestic Hot Water Pressure Range 0.025-0.8 MPa
Specific Hot Water Flow Rate 18 L/min (At=25 °C)
Thermal Efficiency 93%
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Table 5- Total measurement uncertainty of parameters

Measurement Parameter  Unit Total Uncertainty
CO Concentration ppm +2.5%
NOx Concentration ppm +3.2%
HC Concentration ppm +2.8%
Flue Gas Temperature °C +1.5%
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Table 6- Comparison of pollutants before and after plasma for cast iron boiler

Pollutant Before Plasma After Plasma Percentage Change
CO (ppm) 19 9 -52%
NOx (ppm) 34 49 +44%
NO: (ppm) 9 14 +55%

NO (ppm) 29 37 +27%

HC (ppm) 50 32 -36%

CO: (%) 12 12.2 -1.6%

02 (%) 43 4.31 +0.23%
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Table 7- Comparison of pollutants before and after plasma for a wall-mounted water heater

Pollutant Before Plasma After Plasma Percentage Change
CO (ppm) 121 72 40%
NOx (ppm) 21 32 +52%
NO: (ppm) 6 10 +56%
NO (ppm) 18 27 +50%
HC (ppm) 65 32 -51%
CO: (%) 4.6 4.4 -4%
02 (%) 12.93 13.12 +1%
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Table 8- Mean + standard deviation of pollutant concentrations before and after plasma activation.
Cast-Iron Boiler Wall-Mounted Water Heater
Parameter Before After Before After
CO (ppm) 19.30+0.84 9.02+0.19 120.64+£0.72  72.00 + 1.58
NOx (ppm) 33.90+£046 49.00+1.22 21.36+1.03 3240=+1.14
HC (ppm) 50.00+0.73 31.80+0.84 64.52+0.64 31.80%1.10
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Table 9- Two-way ANOVA results for the effects of heating system type, plasma activation and their interaction on pollutant
concentrations (CO)

Source of Variation SS df MS F P-value | Partial n*
Heating system 33751.328 | 1 | 33751.328 | 36886.697 | <0.0001 0.9996
Plasma activation 4339.458 1 4339.458 4742.577 | <0.0001 0.9966
Interaction (System x Plasma) | 1839.362 1 1839.362 2010.232 | <0.0001 0.9921
Error 14.640 16 0915 — — —
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Table 10- Two-way ANOVA results for the effects of heating system type, plasma activation and their interaction on pollutant
concentrations (NOX)

Source of Variation SS df MS F P-value Partial n*
Heating system 1061.425 | 1 | 1061.425 | 896.095 | <0.0001 0.9825
Plasma activation 854.125 1 854.125 | 721.084 | <0.0001 0.9783
Interaction (System x Plasma) 20.605 1 20.605 17.395 | 0.00072 0.5209
Error 18.952 16 1.1845 — — —
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Table 11- Two-way ANOVA results for the effects of heating system type, plasma activation and their interaction on pollutant
concentrations (HC)

Source of Variation SS df MS F P-value Partial n*
Heating system 263.538 1 263.538 409.857 | <0.0001 0.9624
Plasma activation 3241.058 | 1 | 3241.058 | 5040.526 | <0.0001 0.9968
Interaction (System x Plasma) | 263.538 1 263.538 409.857 | <0.0001 0.9624
Error 10.288 16 0.643 — — —
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