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ABSTRACT: The addition of hydrogen to natural gas is an
effective approach to broaden the range of applications for
hydrogen and address the issue of global warming. However, the
inclusion of hydrogen alters the combustion properties of natural
gas. The paper established a simplified mechanism consisting of 19
components and a 67-step reaction for hydrogen-doped natural gas
combustion. With this simplified mechanism, the effects of
hydrogen doping and the utilization of porous media combustion
techniques on the combustion characteristics of natural gas were
investigated numerically. The results suggested that the utilization
of porous media combustion technology is beneficial for achieving
the complete combustion of hydrogen-doped natural gas and
reducing pollutant emissions. Additionally, the total gas cost and
environmental impact of domestic gas water heaters with hydrogen-doping natural gas were estimated. The findings show that the
use of 20% hydrogen-doped natural gas contributes to a decrement in fuel costs and reduced emissions of CO by 25.4%, NOX by
53.9%, and CO2 by 6.78%.

1. INTRODUCTION
With the aim of achieving carbon neutrality and sustainable
development, hydrogen energy has gained considerable
attention due to its benefits of being clean, carbon-free,
green, efficient, and renewable.1−3 Nonetheless, the utilization
of pure hydrogen is constrained by issues such as production,
storage, transportation, and end-use. One promising solution
for the large-scale implementation of hydrogen energy at a low
cost is blending hydrogen into the current natural gas pipeline
network and transporting it to end-users.

European countries have been gradually blending hydrogen
into their natural gas pipeline networks.4,5 For example, the
GRHYD project in France added 6% hydrogen to the original
gas pipeline, while the HyDeploy project in the United
Kingdom successfully blended 20% hydrogen into the pipeline
at Kiel University. However, blending hydrogen into natural
gas changes its combustion characteristics and affects the end-
of-the-art equipment performance. Sun et al.6 studied the
effects of blending different proportions of hydrogen into
natural gas on domestic gas appliances. The results showed
that domestic gas water heaters would experience the
phenomenon of backfire when the hydrogen doping ratio
was 25%. Jones et al.7 found that backfire could be avoided in
round holes with a diameter of less than 3.5 mm in a UK gas
appliance when the hydrogen blend was less than 34.7 mol %.
Zhao et al.8 studied the effects of blending hydrogen on the
combustion and cooking performance of stove burners in the

United States. It came to the conclusion that the performance
of the stove burners was not significantly affected when the
hydrogen blend was at 15%. Zhao et al.9 evaluated the
combustion performance of mixtures with different hydrogen
blends on residential and commercial oven burners. They
found that blending 25% hydrogen caused an ignition backfire.
When the hydrogen blend was 10%, the burner temperature
increased by 63%, but a higher blend did not significantly affect
the burner surface temperature. Zhan et al.10 studied the effect
of different ratios of hydrogen-doped natural gas on the flame
inside a domestic gas water heater. The results showed that as
the hydrogen ratio increased, the height of the internal flame
first increased and then decreased.

Numerous studies have investigated the combustion
characteristics of hydrogen-doped natural gas. Kong et al.11

studied the flame characteristics of a horizontal jet flame of
mixed hydrogen and natural gas. Their results showed that the
flame temperature increased after hydrogen addition. Donohoe
et al.12 examined the ignition delay time of hydrogen-doped
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natural gas under different temperatures, pressures, hydrogen
doping ratios, and long-chain hydrocarbon contents. Their
results showed that the ignition delay time decreases as the
parameters increase. Li et al.12,13 investigated the impact of
hydrogen doping ratios and initial pressure on flame instability
and found that blending hydrogen led to enhanced diffusion
thermal instability and hydrodynamic instability, which caused
flame instability. Ennetta et al.14 simulated the laminar burning
velocity of hydrogen-doped natural gas with varying hydrogen
doping ratios and found that hydrogen blending increased the
laminar burning velocity. If the flow velocity of the premixed
gas is equal to the flame propagation speed, then the flame will
remain in a stable state. However, the addition of hydrogen gas
increases the flame propagation speed, causing the flame to
propagate upstream toward the burner, leading to the
occurrence of a dangerous phenomenon known as backfire.
Lu et al.15 conducted numerical simulations to analyze the
effect of gas flow distribution on pollutant emissions from gas
turbines using hydrogen-doped natural gas. Their findings
indicated that the NOX concentration gradually increased
when the hydrogen doping ratio was below 40%. Pan et al.16

simulated pollutant emissions from industrial furnaces burning
hydrogen-doped natural gas and concluded that NOX
emissions decreased as the hydrogen doping ratio increased
at the given combustion temperature.

The combustion performance of hydrogen-doped natural
gas was often studied using numerical methods due to the
flammable and explosive characteristics of hydrogen. However,
the most widely accepted methane-hydrogen dynamics (GRI-
Mech 3.0, USC, Aramco, and San Diego) involve dozens of
components and hundreds of reactions, which makes direct
calculation time-consuming.17 If the detailed mechanism is
used directly for computer calculations, it will take a long time
to calculate. To reduce computational costs, researchers have
simplified the mechanism through certain methods while still
maintaining sufficient accuracy to simulate the reaction
process. Gimeno-Escobedo et al.18 used a direct relation
graph (DRG) and direct relation graph with error propagation-
aided sensitivity analysis (DRGEPSA) to simplify a mixture
with a 50% hydrogen doping ratio based on GRI-Mech 3.0.
They obtained a simplified mechanism of 26 components and
143 reactions, which was verified to have reasonable error. Liu
et al.19 simplified GRI-Mech 3.0 by 82% using sensitivity
analysis (SA), DRG, and DRGEPSA methods. They found that
the simplified combustion model had good consistency in
temperature and with some components.

Compared with traditional combustion technology, porous
media combustion technology has the advantages of a compact
structure, better combustion stability, higher combustion
efficiency, and lower pollutant emission.20−22 Kıymaz et al.23

investigated the effects of different wall temperatures and
hydrogen blending ratios on the phenomenon of hydrogen-
enriched natural gas flashback. Fruzza et al.24 found that the
occurrence of flashback in hydrogen-enriched natural gas is
closely related to the flame and burner structure. Arrieta et al.25

studied the effects of mixtures with different hydrogen doping
ratios and equivalent ratios on temperature distribution,
radiation efficiency, and pollutant emissions in porous media
burners. Gao et al.26 studied the influence of different porous
materials on flame stability. The results showed that with the
increase in thermal conductivity of foam ceramics, the flame
stability limit increases, and with the increase in pore density,
the flame stability limit decreases. Jia et al.27 proposed a burner

with a double-layer porous media structure and simulated the
combustion performance of a methane-air mixture. The results
showed that the new porous media burner can significantly
reduce the emission concentration of NOX. In summary,
porous medium combustion technology has shown good
performance in reducing pollutant emissions and is promised
to improve the combustion characteristics of hydrogen-doped
natural gas. Lamioni et al.28 utilized a CFD model to
investigate the combustion characteristics of hydrogen-
enriched natural gas in perforated premixed burners. The
results indicated that the blending of hydrogen gas decreases
the emissions of pollutants such as CO and NO.

In this study, we explored the potential of using a porous
medium structure to improve the combustion stability of
hydrogen-doped natural gas and reduce pollutant emissions.
To achieve this, a simplified methane-hydrogen combustion
mechanism in Chemkin software using SA and DRG methods
based on the GRI-Mech 3.0 mechanism was established. We
then applied this simplified mechanism to a two-dimensional
double-layer porous media model based on the volume
averaging method and compared the temperature and
pollutant emissions at different hydrogen doping ratios and
equivalent ratios. Finally, we evaluated the economic and
environmental performance of domestic gas water heaters that
utilize hydrogen-doped natural gas and porous media
combustion technology.

2. REDUCE METHOD
GRI-Mech 3.0 has been shown to simulate the combustion
characteristics of pure hydrogen flames and hydrogen-rich
mixtures well. In order to obtain a simplified mechanism
suitable for CFD calculation, GRI-Mech 3.0 is used as the
initiation mechanism of the reduction process. The simplified
combustion mechanism model is based on the 0-D closed
homogeneous model in Chemkin. The specific boundary
conditions are selected for the reactor; for example, the
operating pressure is 1 atm, the initial temperature is 1800 K,
the equivalent ratio is 1.0, the hydrogen doping ratio is
increased from 0 to 90%, the sampling interval is 10%, and the
heat loss is ignored. The value of the parameter is taken
according to the data collected during the normal operation of
domestic gas water heaters.

In practice, temperature, flame stability, and pollutant
emissions play a key role in the design and operation of
domestic gas appliances. Laminar burning characterizes the
velocity of the flame front during combustion. Also, it is one of
the important parameters for studying flame stability. Ueda et
al.29 show that there is a good linear relationship between
laminar burning velocity and (H + OH) concentration
maximum for CH4/H2 mixtures. Therefore, in the reduction
process, the maximum temperature, the maximum and end
point of H and OH primitives, and the endpoint of CO and
NOX are selected as the target flame characteristics to drive the
reduction of the mechanism.

In the simplification process, key basic components (CH4,
H, H2, O, O2, OH, N2, NO, and NO2) and reaction products
(CO, CO2, and H2O) are searched as the initial components.
Next, a framework mechanism is obtained by using DRG and
DRGEP. Furthermore, the SA of the framework mechanism is
carried out to obtain the final simplified mechanism. The
absolute error and relative error are set to 10 × 10−6 and 10%,
respectively. The DRG operation reduces the original
mechanism to 20 components and 81 reactions, and the
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DRGEP operation continues to simplify, further reducing the
mechanism to 19 components, a 67-step reaction mechanism.
As shown in Table 1, the final maximum error value of the

simplified mechanism by DRG and DRG is 36.4% of that of
the H radical, which represents a large error in the laminar
burning velocity. Therefore, the SA of the H radical is carried
out, and the error of laminar burning velocity is reduced by
modifying the pre-exponential constants of the reaction with
the largest sensitivity coefficient of the H radical.

As shown in Figure 1, in the analysis of H radical sensitivity
of 0.8 and 1.0, #34 reaction: OH + CO ↔ H + CO2 is one of
the ten reactions with the greatest influence on H radical. And
the pre-exponential constant of #34 is selected for
modification. Besides, #38 reaction: CH2 + O2 → H + OH
+ CO is one of the ten reactions with the greatest influence on

H radical in the analysis of H radical sensitivity of 1.2 and 1.4.
Therefore, the pre-exponential constant of #38 is selected for
modification.

The comparison model uses a set of one-dimensional
laminar premixed flame models and finally obtains the relative
data of the premixed fuel-air mixture with an equivalent ratio of
0.8−1.2. When the equivalent ratio is 0.8, 1.0, and 1.2, the
error of the components is less than 10%, as shown in Figure
2a and the flame speed is less than 6%, as shown in Figure 2b.

3. NUMERICAL MODELS
3.1. Physical Model. As shown in Figure 3, this paper

establishes a physical model of a double-layer porous layer in
Fluent software. By creating two separate, two-layer 60 mm
fluid domains as the filling regions of the porous medium. The
burner cylinder has an inner diameter of 50 mm and a total
length of 150 mm, and two layers of 60 mm porous medium
area are filled inside as the preheating zone and combustion
zone. Alumina balls are used in the preheating zone, zirconia
foam ceramic is used in the combustion zone, and the
parameters of the porous mediums are shown in Table 2.

3.1.1. Mathematical Model. In order to save computer
resources, this paper simplified the physical model of a three-
dimensional axis-symmetric structure to a two-dimensional
structure. For the convenience of computation, this article

Table 1. Target Error Parameter

components and temperature error (%)

CO 0
NO 0
NO2 0.0
temperature 0.8
H 36.4
OH 1.0

Figure 1. SA of H primitives when the equivalent ratio is 0.8−1.4.
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introduces some reasonable assumptions in the process of
numerical calculation.30

(1) Ignore the radiation effect of the gas;
(2) The gas is an incompressible ideal gas and is fully

premixed;
(3) The porous medium is inert and isotropic;
(4) The gas and the solid are in a state of thermal

equilibrium.
The relevant control equations covered in this work are as

follows
Continuity equation

+ =U V( ) ( )
0

(1)

where ε is the porosity of the porous medium; ρ is the average
density of the mixed gas; U is the axial gas velocity; and V is
the longitudinal gas velocity.
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where P is the pressure and μ is the viscosity.
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where keff is the effective thermal conductivity; Tg is the
temperature of the gas mixture; hi is the molar enthalpy of
species i; wi is the molar yield of species i; Wi is the relative
molecular mass of species i; Yi is the mass fraction of species i;
Dim is the mass diffusion coefficient of the gas.

Species transport equation
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Ideal gas state equation

=P
RT
W (6)

Figure 2. Comparison of (a) mole fraction of the pollution components (the equivalent ratio is 0.8) and (b) flame speed from the detailed and the
simplified mechanisms (the equivalent ratio is 0.8, 1.0, and 1.2).

Figure 3. Physical model of double-layer porous media.

Table 2. Physical Property Parameters of Porous Media
Materials

parameters
preheat
zone

combustion
zone

materials Al2O3 ZrO2

density (kg m−3) 3440 3750
specific heat (J kg−1 K−1) 710 570
PPI 10
porosity 0.265 0.8
effective thermal conductivity (W m−1 K−1) 1.87 0.41
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where W is the average molecular weight of the gas mixture.
The equivalent ratio is defined as the ratio of the actual fuel/

oxygen mixing ratio to the fuel/oxygen mixing ratio under
chemical equivalent conditions, which is defined as follows

=
( )
( )

F
A

F
A

actual

theory (7)

Reynolds number

=Re
UD

(8)

D and μ represent the average diameter of the porous medium
and the viscosity of the fluid, respectively.

The empirical formula for viscous resistance and inertial
resistance of a porous media-filled bed with foamed
ceramics30,31

=C
d

150(1 )
1

2

p
2 3

(9)

=C
d

1.75(1 )
2

p
3

(10)

=C
n150(1 )

0.02541

2

2 3 (11)

=C n3.5 1
0.02542 3 (12)

Formulas 9 and 10 represent the viscous drag coefficient of
alumina balls, and formulas 11 and 12 represent the resistance
coefficient of foam ceramics. Kuwahara et al.32 believe that in
the flow of porous media, when Re > 80, turbulence effects
cannot be ignored, and when Re > 160, turbulence effects must
be considered. Therefore, the realizable k−ε turbulence model
is chosen. The inlet velocity and pressure outlet boundary
conditions. In addition, the heat transfer condition of the outer
wall is set to a mixed heat transfer of radiation and convection;
the normal emissivity of the inner wall and outer wall is 0.8,33

and the heat transfer coefficient of the wall surface is 20 W/
(m2 K). The heat transfer expression is

= +q h T T T T( ) ( )c W s W
4 4 (13)

hc represents the convective heat transfer coefficient between
the combustion chamber wall and the environment, Tw and T∞
represent the outer wall temperature and ambient temperature,
respectively, εs is the emissivity of the combustion chamber
wall, and the Stepan−Boltzmann constant σ is 5.67 × 10−8 W/
(m2 K4).

3.2. Numerical Simulation Validation. In order to save
computer resources and improve the calculation accuracy, the
mesh numbers of 3422, 14,259, and 22,692 cells are selected
for simulation. Figure 4 shows the central axis temperatures for
three different mesh accuracies. Overall, the temperature trend
of the central axis predicted by the three meshes of different
accuracy is consistent. However, according to Figure 4a, the
maximum temperature difference of the central axis of 3422
cells is about 73 K, with an error of about 5%. While the
maximum difference in temperature for 14,259 cells is about 24
K, and the error is about 1.5% compared to the prediction of
22,692 cells. Therefore, the number of 14,259 cells is
significantly better than the number of 3422 cells. Taking
into account computer resources, this paper selects 14,259 cells
for grid calculation.

In order to verify the reliability and accuracy of the
mechanism and porous media combustion model, the central
axis temperature is compared with detailed experimental
results. Gao et al.26 conducted experiments on methane/air
combustion in porous media. The diameter of the porous
medium combustion is 50 mm, and the length is 200 mm. The
outer wall of the burner is filled with Kaowool, which serves as
insulation and multiple thermocouples are inserted in the
middle of the porous medium to measure the center
temperature. This article selects ZrO2 foam from the Gao
experiment for verification. Figure 4b shows that under the
combustion condition of an inlet velocity of 0.3 m/s and an
equivalent ratio of 0.6, the numerical calculation results are
basically consistent with the experimental results of Gao et al.26

In terms of other characteristics, the simulation results are in
good agreement with the experimental results. Therefore, the
model meets the requirements of engineering applications.

Figure 4. (a) Central axis temperature with different grid cells. (b) Verification of numerical values and experimental results.
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4. RESULTS AND DISCUSSION
4.1. Effect of Hydrogen Doping on Temperature.

Figure 5 shows the maximum central axis temperature
distribution of the burner when the equivalent ratios are 0.9
and 1.0 and the hydrogen doping ratio is 0−20%. As shown in
Figure 5a, when the proportion of hydrogen increases from 0
to 20%, the peak temperature of the flame increases from 1710
to 1717 K when the equivalent ratio is 0.9. As shown in Figure
5b, when the equivalent ratio is 1.0, the peak temperature of
the flame increases from 1819 K with a hydrogen doping ratio
of 0 to 1836 K with a hydrogen doping ratio of 20%. Figure 6

shows a two-dimensional temperature distribution with
equivalent ratios of 0.9 and 1.0 and hydrogen doping ratios
of 0, 10, and 20%. In Figure 6b, the temperature contour of
1710 K is positioned slightly earlier than that in Figure 6a. In
Figure 6e, the temperature contour of 1820 K is slightly ahead
of that in Figure 6d.

Since hydrogen has 1 H−H chemical bond (activation
energy is 436 kJ/mol), CH4 has 4 C−H chemical bonds
(activation energy is 414 kJ/mol). The activation energy
consumed by hydrogen when participating in the reaction is
less than CH4, so the chemical properties of hydrogen are

Figure 5. Central axis temperature of 0−20% hydrogen doping ratio. (a) Equivalent ratio is 0.9, and (b) equivalent ratio is 1.0.

Figure 6. Two-dimensional temperature distribution of the 0/10/20% hydrogen doping ratio when the equivalent ratio is 0.9: (a) 0% H2; (b) 10%
H2; (c) 20% H2/the equivalent ratio is 1.0; (d) 0% H2; (e) 10% H2; and (f) 20% H2.
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more active and easier to react with O2, so with the increase in
the hydrogen doping ratio, the combustion exothermic
reaction will occur earlier. Therefore, the initial reaction
location will be closer to the fuel inlet, which is consistent with
the research of Fruzza et al.24 The advance of the initial
reaction position will make the reaction more complete; the
exothermic heat of the reaction will also increase; and the peak
temperature of the flame will also increase.

4.2. Effect of Porous Media Structure on Temper-
ature of Hydrogen-Doped Natural Gas. Figure 7 shows
the temperature distribution of the central axis of combustion
of a mixture with a hydrogen doping ratio of 0 and 20% in a

burner without porous media and a burner with a porous
medium at equivalent ratios of 0.9 and 1.0. As shown in Figure
7a,b, the utilization of the porous media structure will increase
the peak temperature of the hydrogen-doped natural gas flame,
the location of the initial reaction will be advanced, and the
position of the peak temperature will be lagged. Figure 8 shows
the two-dimensional temperature distribution of hydrogen-
doped natural gas with a hydrogen doping ratio of 0, 10, and
20% when burned in a burner with porous media at an
equivalent ratio of 0.9 and 1.0. The peak temperature (1800 K)
of the 20% hydrogen doping ratio is lower than that of the 0
doped ratios in a porous medium structure.The result at an

Figure 7. Effect of porous medium on the temperature of the central axis of the 0/20% hydrogen doping ratio. (a) Equivalent ratio is 0.9, and (b)
equivalent ratio is 1.0.

Figure 8. Two-dimensional temperature distribution of the 0/10/20% hydrogen doping ratio in the porous medium when the equivalent ratio is
0.9: (a) 0% H2; (b) 10% H2; (c) 20% H2/the equivalent ratio is 1.0; (d) 0% H2; (e) 10% H2; and (f) 20% H2.
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equivalent ratio of 1.0 shares a similar trend, as shown in
Figure 8.

The addition of porous media structure will preheat the fuel
to make it easier to burn completely, and in terms of the
macroscopic calorific value of methane and hydrogen, the
calorific value of CH4 (39.83 MJ/m3) is higher than that of
hydrogen (12.70 MJ/m3), so as the mixing amount of
hydrogen gradually increases, the temperature of complete
combustion of the mixture decreases. The lag of the peak
temperature position lies in the existence of the porous
medium preheating section because the porosity of the
preheating section will be lower than that of the combustion
section, which makes the tempering of hydrogen-doped natural
gas more difficult to occur due to the phenomenon of backfire,
so that the peak temperature is stable at the junction of the
porous medium.

4.3. Emissions of Pollutants. Figure 9 shows the emission
of CO and NOX of hydrogen-doped natural gas free flame at
an equivalent ratio of 0.9 and the emissions of CO and NOX of
hydrogen-doped natural gas burning in a porous medium at an
equivalent ratio of 0.9. As shown in Figure 9, the emissions of
CO and NOX decrease when the hydrogen doping ratio
increases from 0 to 20%, regardless of whether the burner is
filled with porous media or not.

The reason is that as the proportion of hydrogen doping
increases, the C content in the fuel decreases, while the
addition of hydrogen generates H and OH radicals that
promote the conversion of CO to CO2. This is consistent with
the research results of Zhan et al.10

The reason is that the influence of temperature plays a
dominant role in determining the production of thermal NOX.
When the temperature is higher than 1800 K, the amount of
NOX generated increases sharply as the temperature increases.
In this study, the gas is completely premixed, and the
equivalent ratio of 0.9 is more abundant than oxygen, which
means that oxygen enrichment brings a larger primary air
volume, which is equivalent to a certain heat dilution in the
burner so that the temperature drops and the emission of NOX
decreases. This is consistent with the research results of Sun et
al.6 In the burner with added porous medium, with the
increase in hydrogen doping ratio, the emission of NOX is
lower than those of unfilled burners because the hydrogen-
doped natural gas burned in the porous medium will decrease

in temperature with the increase in hydrogen doping ratio,
thereby reducing the emission of thermal NOX. Another reason
is that the presence of porous media makes the combustion
area more uniform and inhibits the thermal NOX generated by
the local high temperature.

5. ECONOMIC AND ENVIRONMENTAL ASSESSMENT
The use of hydrogen-doped natural gas can reduce the
consumption of fossil energy and the emission of pollutants. In
order to apply it to household gas appliances, it is necessary to
analyze its economic and environmental benefits. Table 3
shows the CO and NOX emissions from three different
hydrogen production methods: natural gas reforming, wind
energy hydrogen production, and solar energy hydrogen
production.

5.1. Economic Evaluation. Assuming that the annual
usage time is 17,520 min every year.6 According to Chinese
standard ⟨⟨GB/T 17905-2008⟩⟩,35 the service life of domestic
gas water heaters is 8 years. In this process, the gas
consumption and economic comparison of burners burning
methane without porous media and burning 20% hydrogen-
doped methane in porous media are studied. The thermal
power produced by pure methane burning is 21 kW, while the
hydrogen-doped natural gas burning with a 20% hydrogen
doping ratio is 18 kW. Considering that the calorific value of
the gas changes with the proportion of hydrogen doping, the
speed of the gas increases in order to achieve the same thermal
power. The speed of 20% hydrogen-doped natural gas should
be 0.348 m/s, and the burner will not experience the
phenomenon of backfire. As shown in Figure 10a, the methane
consumption for 8 years is 5533 m3 without hydrogen doping,
while 4606 m3 of methane and 1151 m3 of hydrogen will be
used when the heaters use a 20% hydrogen doping ratio

Figure 9. Effect of porous media on NOX emissions with different hydrogen doping ratios when the equivalent ratio is 0.9−1.0.

Table 3. Emissions of CO and NOX During the Hydrogen
Production Process34

hydrogen
production from
natural gas total

emissions

hydrogen
production from
wind energy total

emissions

hydrogen
production from
solar energy total

emissions

CO (g/MJ) 0.033 0.0142 0.021
NOX (g/MJ) 0.0761 0.0169 0.0251
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mixture. Table 4 shows the price of hydrogen for three
different hydrogen production methods of natural gas

reforming, wind hydrogen production, and solar hydrogen
production.36 Figure 10b shows the price of hydrogen-doped
natural gas using 20% hydrogen from three different hydrogen
sources versus pure methane. In contrast, the cost of a gas
water heater that burns pure methane is 19,867 ¥ over the
entire period of use. In general, the use of hydrogen in three
different hydrogen production methods at this stage can
reduce the price of gas use, while among the other three
methods, the price of hydrogen produced by natural gas is the
lowest, at 17,851 ¥, with a decrease of about 8.6%. According
to statistics,37 the sales of gas water heaters in China in 2022
were 11.6 million units. If all of them were converted to
hydrogen-doped natural gas with 20% hydrogen content, it is
expected to reduce the cost by 2.9 billion ¥ per year.

5.2. CO Emissions. Based on the calculated model, the
emission of the CO from the mixture with the ratio of 0−20%

hydrogen doping and the CO emissions in the hydrogen
production process of three different hydrogen production
methods were studied. As shown in Figure 11a, as the
proportion of hydrogen doping increases, the sum of CO
emissions in the three hydrogen production processes
produced by combustion decreases. If the mixture with a
hydrogen doping ratio of 20% is passed at a speed of 0.3 m/s
in this burner, the CO produced is 3186 g, which is 25.4%
lower than the CO emissions of pure methane. According to
statistics, the sales of gas water heaters in China in 2022 were
11.6 million units. If this batch of water heaters is all converted
to burning 20% hydrogen mixed with natural gas, it is expected
to reduce 9.8 × 106 kg of CO emissions.

5.3. NOX Emissions. Based on the calculated model, the
sum of NOX emissions of a mixture with a hydrogen doping
ratio of 0−20% and the production by three different hydrogen
production methods are studied. As shown in Figure 11b, with
the increase in the proportion of hydrogen doping, the total
NOX emissions in the three hydrogen production processes
and produced by combustion decrease. When hydrogen
produced from wind energy is used in burners, the NOX
emissions are minimal. If a mixture with a hydrogen doping
ratio of 20% is passed at a speed of 0.3 m/s in this burner, the
emission of NOX is 3265 g, which is 53.9% lower compared to

Figure 10. (a) 0 and 20% doping ratio for methane and hydrogen dosage; (b) the total cost of the three different hydrogen production methods.

Table 4. Price of Methane and Hydrogen36

hydrogen production methane
natural

gas
wind

energy
solar

energy

price (¥/m3) 3.45 1.7 2.95 2.41
CO2 emission (kg/m3 H2) 1.6875 0.04 0.45

Figure 11. Emission of porous medium burner and ordinary burner operating for 2236 h. (a) CO; (b) NOX; and (c) CO2.
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pure methane. According to the above method, it is expected
to reduce 4.72 × 107 kg of NO emissions.

5.4. CO2 Emissions. As shown in Table 4, the emissions of
CO2 in the three hydrogen production processes are
compared. Using a burner model with porous media as an
example, CO2 emissions from three different sources of
hydrogen are compared. As shown in Figure 11c, the use of
hydrogen-doped natural gas will reduce carbon emissions with
a decrease of 6.7%. However, taking the burner model with
porous media as an example, the carbon emissions of hydrogen
from three different sources have increased to varying degrees,
among which the use of wind power to produce hydrogen has
the lowest carbon emissions, and the use of natural gas
reforming to produce hydrogen has the highest carbon
emissions. According to the above method, it is expected to
reduce 7.11 × 106 kg of CO2 emissions.

6. CONCLUSIONS
In this paper, a methane−hydrogen mixture combustion
mechanism was established by SA and a direct relationship
diagram, according to the detailed mechanism of GRI-Mech
3.0. The CFD model was used to study the combustion
characteristics of hydrogen-doped natural gas in the porous
media model. The economics, as well as the environmental
effect, of hydrogen-doped natural gas with different hydrogen
doping ratios based on three different hydrogen production
methods were discussed. The main results are as follows:

1 A simplified mechanism with a 19-component, 67-step
can be well applied to the equivalent ratio of 0.8−1.4 of
hydrogen-doped natural gas was obtained, and it has
been verified that the predictive error of the model is no
more than 10%.

2 The peak temperature of hydrogen-doped natural gas
will increase with the increase in hydrogen doping ratio,
and the reaction position will advance with the increase
in hydrogen doping ratio. When hydrogen-doped natural
gas is applied to the porous medium structure, the peak
temperature will decrease with the increase in the
hydrogen doping ratio.

3 The fuel cost will decrease to a certain extent after using
three different ways of producing hydrogen. Also, the
utilization of 20% hydrogen-doped natural gas contrib-
utes to a decrement in fuel costs and reduced emissions
of CO by 25.4%, NOX by 53.9%, and CO2 by 6.78%.
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■ NOMENCLATURE
ε porosity of porous medium
ρ average density of the mixed gas, kg m3

U axial gas velocity, m s−1

V longitudinal gas velocity, m s−1

P pressure, Pa
μ viscosity, kg m−1 s−1

keff effective thermal conductivity, W (m K)−1

Tg temperature of the gas mixture, K
hi molar enthalpy of species i
wi molar yield of species i
Wi relative molecular mass of species i
Yi mass fraction of species i
Dim mass diffusion coefficient of the gas, m2 s−1

W average molecular weight of the gas mixture, g mol−1 m
D average diameter of the porous medium, m
hc convective heat transfer coefficient, W (m K)−1

Tw outer wall temperature, K
T∞ ambient temperature, K
εs emissivity of the combustion chamber wall
σ Stepan−Boltzmann constant, W (m2 K4)−1
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