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ABSTRACT 

  

In Brazil and globally, the pursuit of alternative energy sources is intensifying, with 

biofuels emerging as a robust solution to achieve energy independence and reduce 

reliance on oil. Integrating biomethane and green hydrogen into compressed 

natural gas (CNG) is crucial for enhancing efficiency and cutting emissions. This 

combination offers significant benefits such as CO2 reduction, improved 

combustion efficiency, and enhanced engine performance, promising a sustainable 

energy pathway. This study aims to predict CO and NOx emissions from a bi-fuel 

engine using a phenomenological model. It compares engine performance on CNG 

alone versus CNG with added H2G and biomethane with H2G. Experimental data 

from CNG operations are used initially, with subsequent simulations incorporating 

biomethane and H2G blends. The phenomenological model employs the double 

Wiebe function to analyze energy release and the Stikey model for heat transfer 

calculations in gaseous fuels. Emissions calculations use the extended Zeldovich 

model for NOx and the Ranggi model for CO. An emissions inventory using the 

BRAVES® model assesses applicability in the Brazilian context, combining top-

down methods with fleet and fuel characteristics. The study underscores 

biomethane’s potential to reduce NOx emissions but notes its tendency to increase 

CO levels, suggesting blending with H2G as a viable solution for improved engine 

performance and emissions control in light vehicles. 

  

1. INTRODUCTION  

  

The transportation sector plays a crucial role in 

global mobility for people and goods, characterized 

by access to various modes such as road, rail, 

maritime, and air transport. However, its near-

exclusive dependence on petroleum- derived fuels 

necessitates urgent decarbonization. In 2023, 

according to Empresa de Pesquisa Energética (2024), 

the sector accounted for 33% of national energy 

demand, with petroleum derivatives contributing 

significantly at 77.4% of this massive consumption. 

Reducing greenhouse gas (GHG) emissions, 

predominantly CO2, from transportation is essential 

for meeting global climate targets, including a 45% 

reduction in emissions by 2030 compared to 2010 

levels. 

Global GHG emissions are a central concern in 

the fight against the current climate crisis. In 2023, 

the transportation sector emitted 217 megatons of 

CO2, representing a 0.8% increase compared to 

2022. The adoption of biofuels and waste, which 

constitute 22.5% of the sector’s energy matrix, 

plays a crucial role in reducing these emissions 

(Empresa de Pesquisa Energética, 2024). From 

2014 to 2023, there was a significant 4.9% increase 

in renewable fuels. Biofuels offer a renewable and 

sustainable alternative to fossil fuels, helping to 

keep global warming below 1.5°C, as established 

by the Paris Agreement (Urroz et al., 2023). 

In the search for sustainable alternatives, 

hydrogen stands out as a promising fuel due to its 

unique characteristics, such as a rapid combustion 

rate and zero carbon emissions, depending directly on 

how it is produced. Hydrogen can be produced 

through sustainable processes, such as water 

electrolysis using renewable energy, resulting in zero 

carbon emissions during its use. This contrasts with 

traditional fuels, whose carbon emissions are 

intrinsically linked to their combustion process (Li et 
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al., 2024). Its use as an additive to gasoline has 

shown significant results in internal combustion 

engines. Studies demonstrate that hydrogen 

enrichment in the mixture tends to increase indicated 

thermal efficiency (ITE) while reducing specific fuel 

consumption. Additionally, it contributes to more 

stable combustion, resulting in higher peak pressure 

in the cylinder and lower variability between cycles. 

Although emissions of HC and CO are reduced, there 

is an observed increase in NOx emissions with the 

addition of hydrogen to the mixture, although the 

engine’s combustion limit is expanded, allowing 

greater operational flexibility (Li et al., 2024). 

Hydrogen also stands out as a viable additive for 

natural gas engines undergoing lean combustion 

due to its high laminar flame speed and wide 

flammability range. Adding hydrogen to methane, 

for example, improves combustion speed and 

increases engine efficiency while reducing CO2 and 

HC emissions. This mixture offers the possibility to 

operate with leaner mixtures, which is 

advantageous for load control strategies. However, 

it is important to adjust the ignition timing to avoid 

knocking issues, which may occur due to the higher 

combustion speed and higher temperatures of the 

burned gases (Li et al., 2024). 

Numerical modeling of engines has become 

fundamental in the development of internal 

combustion engines, especially given the growing 

variety of design parameters and alternative fuels 

available. This method allows simulating complex 

scenarios throughout the engine cycles, incorporating 

fluid dynamics, heat transfer, thermodynamics, and 

chemical kinetics to accurately predict combustion, 

emissions, and operational performance. Creating 

mathematical models for engine simulation requires 

refined empirical correlations and approximations 

derived from detailed experimental studies. Such 

models are categorized in terms of thermodynamics 

and fluid dynamics, where energy and momentum 

equations are solved within a specific flow domain 

(Yıldız and Albayrak Çeper, 2017). 

Therefore, this study aims to compare in detail 

the performance of the engine using a mixture of 

CNG and H2, as well as biomethane with added H2, 

employing a phenomenological model adapted from 

Mattos (2018). Additionally, a comprehensive 

vehicle emissions inventory will be developed 

using the BRAVES® model to assess its specific 

applicability in the Brazilian context. The primary 

focus of the research will be to investigate the 

impact of replacing CNG with biomethane not only 

on pollutant gas emissions but also on essential 

engine performance parameters, providing 

fundamental information for future policies and 

sustainable energy strategies in the transportation 

sector. 

 

2. METHODOLOGY 

  

The engine under analysis is a turbocharged, bi-

fuel engine used in light vehicles and operating with 

CNG. The study evaluates the results of volumetric 

and thermal efficiency, torque, power, and peak 

pressure. Two engine speeds (2500 and 3000 rpm) 

were defined for the study, using the stoichiometric 

excess air coefficient (λ = 1) under full load 

conditions. The fuels analyzed in this work consist of 

the natural gas marketed in the southern region of the 

state of Minas Gerais and the biomethane produced 

by a company in the state of Rio de Janeiro, with the 

addition of H2. The engine geometry data are 

presented in Table 1. 

 

 

Table 1. Engine specifications 
 
 

 

In the phenomenological model of Mattos (2018), 

the double Wiebe function was implemented to find 

the mass fraction burned as a function of the crank 

angle, which shows better convergence. The Stikey 

model was used to calculate the film coefficient for 

predicting heat transfer for gaseous fuels. This model 

was chosen because a previous study was conducted 

to analyze which model in the literature best 

represented the phenomenon with gaseous fuels. NOx 
emissions are calculated using the extended 

Zeldovich model, and CO emissions are calculated 

using the Ranggi model. The parameters were used to 

carry out an emissions inventory using the 

BRAVES® model, which combines the top-down 

method with fleet and fuel characteristics. 

 

2.1 Fuel Modeling 

 
In the original model, two types of fuels were 

implemented: CNG and biomethane with additions of 

H2. 

 

Initially, a polynomial was developed covering 

the temperature range from 298K to 2000K. This 

polynomial created for methane, shown in Equation 

1, used the Lagrange polynomial interpolation 

method in the Matlab® development environment. 

Specification Specification value 

Engine Type Turbocharged, bi-fuel 
Spark Ignition Engine 

(SI) 
Number of Cylinders 4 

Cylinder Diameter [mm] 95.8 

Stroke [mm] 104 

Connecting Rod Length [mm] 158 

Compression Ratio 12.5 

Displacement Volume [cm3] 749.64 

Dead Volume [cm3] 65.18 

Intake Valve Diameter [mm] 29.07 

Exhaust Valve Diameter [mm] 29.07 
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This method proved to converge more efficiently 

with the phenomenological model in question. The 

same methodology was used for ethane (Eq. 2), 

propane (Eq. 3) and butane (Eq. 4). 
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The coefficients of the polynomial equations are 

presented in the Table 2. 

 

Table 2. Coefficients Cp for CH4, C2H6, C3H8 and 

C4H10. 

 

The results of volumetric and thermal 

efficiency, torque, power, and peak pressure are 

evaluated. The engine geometry data are presented 

in Table 3. 

 

Table 3. Composition of Biomethane for Different 

Percentages of H2. 

 
 
 

 

Table 4. Composition of CNG for Different 

Percentages of H2. 
 
 

 

2.2 Combustion Model 

The calculation of the Mass Fraction Burned 

(MFB) is essential in the two-zone combustion 

model. The approach used in this work is the double 

Wiebe function (equation 1) (Mattos, 2018). 

 
1 2

b1 b2
b

1 2

p 1 exp 1 exp

       − −
    = − − + − −             

 (5) 

 

The data inserted into the model from Mattos 

(2018) are derived from experimental simulations 

of the engine operating with CNG. Subsequently, 

data from GT-SUITE® are utilized. The data for 

the double Wiebe function are presented in Table 5, 

varying the start of combustion (θi) and the 

duration of combustion (θb), pressures, and 

temperatures (intake and exhaust) as a function of 

each fuel and rotation. 

Caption: In this study, p represents the weighting 

factor applied during two-stage combustion, with a 

fixed value of 0.5, β1,2 are shape factors (m1,2 +1), 
α1,2 are combustion efficiency coefficients. Index 1 

represents complete combustion, and index 2 

represents the combustion fraction. 

 

 

Coefficients CH4 C2H6 C3H8 C4H10 

a −5.866 × 

10−14 

−1.329 × 

10−33 

7.233 × 

10−16 

−2.803 × 10−36 

b 1.158 × 

10−11 

1.456 × 

10−29 

−3.805 × 10−15 3.228 × 10−32 

c −1.061 × 

10−9 

−7.193 × 

10−26 

8.580 × 

10−12 

−1.689 × 10−28 

d 5.996 × 10−8 2.115 × 

10−22 

−1.088 × 10−8 5.314 × 10−25 

e −2.338 × 

10−6 

−4.123 × 

10−19 

8.466 × 

10−9 

−1.120 × 10−21 

f 6.668 × 10−5 −5.602 × 

10−16 

−4.114 × 10−6 1.671 × 1018 

g −0.00144 −5.430 × 

10−13 

1.159 × 

10−6 

−1.812 × 10−15 

h 0.0240 3.791 × 10−10 −2.643 × 10−6 1.445 × 10−12 

i −0.314 −1.880 × 

10−7 

1.988 × 10−5 −8.479 × 10−10 

j 3.216 6.488 × 

10−5 

 3.607 × 10−7 

k −25.878 −0.014  −0.108 × 10−3 

l 162.357 2.265  0.021 

m −783.748 −120.508  −2.246 

n 2847.063   147.948 

o −7508.321    

p 13532.974    

q −14866.436    

r 7516.056    

H2 2% 6% 10% 20% 

CH4 [%] 93.82 90.28 87.00 79.75 

O2 [%] 0.46 0.44 0.43 0.39 

N2 [%] 3.76 3.62 3.48 3.19 

H2 [%] 1.96 5.66 9.09 16.67 

LHV [MJ/kg] 46.49 46.84 47.10 46.45 

H2 2% 6% 10% 18% 

CH4 [%] 86.77 83.49 80.45 75.00 

C2H6 [%] 6.08 5.85 5.64 5.25 

C3H8 [%] 2.16 2.08 2.00 1.86 

C4H10 [%] 0.78 0.75 0.73 0.68 

CO2 [%] 1.76 1.70 1.64 1.53 

N2 [%] 0.49 0.47 0.45 0.42 

H2 [%] 1.96 5.66 9.09 15.26 

LHV [MJ/kg] 47.08 47.40 47.71 48.33 
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Table 5. Combustion Parameters for Biomethane 

and CNG. 

 

 

 

 

2.3 Enter parameters in the phenomenological 

model 

 
Table 6 shows all the data used in the MATLAB® 

simulation.  

 

 

2.4 Drawing up the emissions inventory 

2.4.1 Characterization of the study area 

This study looks at the Brazilian vehicle fleet. 

Brazil, Latin America’s largest country in terms of 

land area, had a total of 86,692,659 vehicles in 2022, 

according to data from the National Association of 

Motor Vehicle Manufacturers (ANFAVEA). These 

vehicles are divided into four different categories: 

cars, light commercial vehicles, trucks and buses. The 

Brazilian Road network currently covers around 

1,720,700 kilometers of roads and highways (Figure 

1), and shows a significant concentration in the 

Center-South areas, notably in the state of São Paulo, 

which had a fleet of 32,293,191 vehicles in 2022 

(MTR, 2022). Table 7 shows the number of light-

duty vehicles by fuel type registered in the country in 

2022 (ANFAVEA, 2023). 

 

2.4.2. Estimation of exhaust emissions and 

GHG 

 
The BRAVES model developed by Vasques 

(2021), offers an approach capable of estimating 

exhaust emissions for a variety of vehicle categories, 

covering cars, light commercial vehicles, motorcycles 

and heavy vehicles. The essential data structure for 

carrying out exhaust emission calculations is outlined 

in the flowchart shown in Figure 2. 

 

Figure 1. Distribution of the Brazilian road 

network (IBGE, 2022). 

 

 

Table 7. Number of light vehicles registered by type 

of fuel in Brazil in 2022 (ANFAVEA, 2023). 

 

 

 

 

 

 

 

Among the pollutants estimated by BRAVES are 

methane (CH4), nitrous oxide (N2O) and carbon 

dioxide (CO2). The magnitude of the emission of 

these gases is converted into CO2−eq based on the 

Global Warming Potential over a 100-year horizon, 

predicted by the IPCC - Guidelines for National 

Greenhouse Gas Inventories (IPCC, 2006) and also 

recommended by the report on vehicle emissions in 

the state of São Paulo (CETESB, 2022). 

 

3. RESULTS 

3.1 Engine performance and emissions 

Table 8 shows that, as the percentage of hydrogen 

in the biomethane mixture increases, both the 

engine’s power and torque decrease, following the 

Fuel 
Speed 

[rpm] 

Burn 
Duration 

0-50% 

(θb1) 

[deg] 

Burn 
Duration 

50-90% (θb1) 

[deg] 

Ignition  

Dealy  

[deg] 

CNG + H2 2500 

3000 

31 

33 

14 

14 

9.258 

10.108 

Biomethane + 
H2 

2500 

3000 

32 

33 

14 

18 

9.258 

10.108 

Table 6. Calibration parameters for the MATLAB® code enriched with H2. 
 

Fuel 
Speed 

[rpm] 

Ignition 

advance [°] 

Intake 

pressure [bar] 

Exhaust 

pressure [bar] 

Intake 

temp.[K] 

Exhaust 

temp. [K] 

CNG 
2500 -22.00 1.60 1.70 320.20 946.00 

3000 -20.00 1.60 1.80 319.70 972.00 

Biomethane 
2500 

3000 

       -20.00 

       -17.00 

1.60 

1.60 

1.70 

1.80 

 320.20 

 319.70 

   946.00 

   972.00 

Fuel Vehicles [×106] 

Diesel 9.15 

Gasoline 31.88 

Ethanol 5.63 

Flex-fuel 39.89 
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same trend as in the work by Kamil and Rahman 

(2015)  

 

Power varies from 104.84 kW with 2% H2 to 

90.56 kW with 18% H2, while torque decreases from 

400.52 N.m to 345.88 N.m under the same 

conditions. This trend is consistent with the decrease 

in energy density when increasing the proportion of 

hydrogen. The pressure and temperature peaks also 

decrease as the percentage of hydrogen increases. 

Suggesting a more efficient and cleaner combustion. 

Similar observations can be made for performance at 

2500 rpm using CNG (Table 9). In this case, power 

decreases from 95.04 kW to 90.88 kW and torque 

from 363.04 N.m to 347.16 N.m when increasing the 

percentage of hydrogen from 2% to 18%. 

Caption: ηt (%) – Thermal Efficiency, ηv (%) – 

Volumetric Efficiency, and ISFC (g/kW·h) – 

Indicated Specific Fuel Consumption. 

 

Table 8. Engine performance data with different 

Biomethane and H2 mixtures at 2500 rpm. 

 

 

Table 10 shows that, at 3000 rpm, the engine’s 

power when using biomethane varies from 128.52 

kW with 2% H2 to 109.28 kW with 18% H2. 

 The torque decreases from 409.04 N.m to 345.28 

N.m when increasing the proportion of hydrogen. 

Again, the pressure and temperature peaks follow a 

downward trend. Table 11 shows similar results for 

CNG blends at 3000 rpm, where power varies from 

108.56 kW to 102.80 kW and torque from 345.48 

N.m to 327.28 N.m when increasing the proportion of 

hydrogen. 

 

 

Increasing the concentration of H2 in blends 

with biomethane and CNG progressively reduces 

the peak pressure (Peak p) in the cylinders, as can 

be seen in the tables. In the case of biomethane at 

2500 rpm, the peak pressure drops from 123.9 bar 

with 2% H2 to 109.8 bar with 18% H2, accompanied 

by a drop in combustion temperature (Peak Tb) and 

power (from 104.84 kW to 90.56 kW). A similar 

trend can be seen with CNG at 2500 rpm, where the 

peak pressure drops from 122.1 bar to 105.3 bar. 

The reduction in peak pressure is due to the 

decrease in energy content per unit volume of the 

fuel with the addition of hydrogen (Ji and Wang 

(2010).  

 

Table 9. Engine performance data with different 

CNG and H2 mixtures. 

 

Table 10. Engine performance data with different 

Biomethane and H2 mixtures at 3000 rpm. 

 

 

At 3000 rpm, for both biomethane and CNG, the 

addition of H2 continues to reduce the peak pressure. 

This reduction results in lower torque and power, but 

also improves specific fuel consumption (ISFC). 

Figure 2. Flowchart of exhaust emission estimates used in BRAVES (Vasques, 2021). 

 

Speed 2500 rpm 2% H2 6% H2 10% H2 18% H2 

ηt (%) 40.04 39.92 39.85 39.83 

ηv (%) 130.74 130.98 131.35 131.78 

Power (kW) 104.84 98.36 94.48 90.56 

Torque (N.m) 400.52 375.68 360.92 345.88 

Peak pressure (p) 
(bar) 

123.90 116.30 113.10 109.80 

Peak burned 
temperature (Tb) 
(K) 

2746.00 2592.00 2524.00 2452.00 

ISFC (g/kW.h) 194.43 193.55 192.86 191.48 

Speed 

2500 rpm 

2% H2 6% H2 10% H2 18% H2 

ηt (%) 40.53 40.52 40.45 39.96 

ηv (%) 135.34 135.20 131.96 131.16 

Power 
(kW) 

95.04 94.60 92.20 90.88 

Torque 
(N.m) 

363.04 361.36 352.20 347.16 

Peak p 
(bar) 

122.10 111.10 107.30 105.30 

Peak Tb 
(K) 

2343.00 2230.00 2179.00 2164.00 

ISFC 
(g/kW.h) 

188.67 186.26 184.21 182.16 

Speed 3000 

rpm 

2% H2 6% H2 10% H2 18% H2 

ηt (%) 39.61 39.46 39.43 39.41 

ηv (%) 134.03 134.83 135.29 135.88 

Power (kW) 128.52 117.84 113.28 109.28 

Torque (N.m) 409.04 375.08 360.52 345.28 

Peak p (bar) 113.00 106.30 103.50 100.50 

Peak Tb (K) 2500.00 2349.00 2283.00 2213.00 

ISFC 
(g/kW.h) 

196.51 194.71 193.71 191.53 
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Thus, reducing peak pressure smooths combustion 

and can reduce the risk of detonation, but the drop in 

engine performance is evident. 

 

Table 11. Engine performance data with different 

CNG and H2 mixtures at 3000 rpm. 

 

 With regard to CO emissions, it was observed 

that, for CNG at 2500 rpm, blends with 2% 

hydrogen had the highest emissions, followed by 

blends with 6%, 10% and 18% hydrogen, 

respectively. This trend indicates that adding higher 

proportions of hydrogen to CNG can reduce CO 

emissions. Similarly, a similar trend was seen for 

biomethane at 3000 rpm, where CO emissions 

decreased as the percentage of hydrogen in the 

blend increased. These observations can be seen in 

Figures 3 and 4, which show the inverse 

relationship between the proportion of hydrogen in 

the fuel mixtures and CO emissions. The same 

trend occurs in the work by (Park et al. (2011)) and 

(Pandey et al. (2023). 

The reduction in CO emissions with an increase 

in the proportion of hydrogen is due to its high flame 

speed and wide flammability range. Hydrogen 

improves combustion efficiency by increasing the 

availability of oxygen and reducing the formation of 

CO, which results from incomplete combustion. 

Thus, the higher the proportion of hydrogen, the 

lower the CO emissions (Li et al. (2024)). In Figures 

5 and 6, it can be observed that NOx values follow 

the same trend across all tested engine speeds. 

 

 

Figure 3. CO emissions for CNG at 2500 rpm 

 

 

 

 

 

Figure 4. CO emissions for Biomethane at 3000 

rpm. 

 

Figure 5. NOx emissions for CNG at 2500 rpm. 

 

 

Figure 6. NOx emissions for Biomethane at 3000 

rpm. 

 

3.2 Emissions inventory 

Vehicular emissions estimated by BRAVES for 

the operation of the F1-C engine in Brazil are 

presented in Figure 7. The study results indicate that 

the combination of CNG with 18% H2 can reduce 

emissions by up to 4.67%, while biomethane with 

20% H2 shows a decrease of 5.54%. In the case of 

CNG, the addition of hydrogen in different 

proportions (2%, 6%, 10% and 18%) generates 

reductions in CO2−eq emissions of 0.53%, 1.57%, 

2.59% and 4.67%, respectively. For biomethane, the 

equivalent reductions are 0.59%, 1.78%, 2.55% and 

5.54%, with the addition of 2%, 6%, 10% and 20% 

Speed 3000 rpm 2% H2 6% H2 10% H2 18% H2 

ηt (%) 40.14 39.81 39.52 39.45 

ηv (%) 132.80 132.70 132.64 102.80 

Power (kW) 108.56 107.24 106.40 102.80 

Torque (N.m) 345.48 341.40 338.64 327.28 

Peak p (bar) 107.80 98.31 97.51 92.04 

Peak Tb (K) 2452.00 2327.00 2234.00 2130.00 

ISFC (g/kW.h) 190.48 189.60 188.52 127.69 
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H2, respectively. When comparing the two fuels, the 

use of biomethane (with 20% H2) reduces CO2−eq 

emissions by up to 4.94% compared to CNG (with 

18% H2). In addition, for hydrogen compositions of 

2%, 6% and 10% in biomethane, CO2−eq emission 

reductions of 4.19%, 4.34% and 4.05%, respectively, 

were observed. These results indicate that the 

incorporation of hydrogen into biomethane can 

significantly contribute to the reduction of GHG 

emissions compared to CNG. 

 

 

4. CONCLUSION 

• Increasing the percentage of hydrogen in 

biomethane and CNG blends results in a 

consistent decrease in engine torque. The 

same occurs with engine power, which 

decreases significantly as the proportion of 

hydrogen in biomethane and CNG blends 

increases, demonstrating a direct relationship 

between the greater presence of hydrogen and 

the reduction in power generated. 

• Reduction in CO emissions: Increasing the 

proportion of hydrogen in the fuel mixtures 

resulted in lower carbon monoxide (CO) 

emissions, indicating more complete 

combustion. Hydrogen improves combustion 

efficiency by reducing CO formation. 

Increase in NOx Emissions: For both CNG at 

3000 rpm and biomethane at 2500 rpm, NOx 

emissions were higher with the addition of 

2% hydrogen, gradually decreasing with 

higher hydrogen concentrations. CNG had 

almost double the NOx emissions compared 

to biomethane, reflecting a significant 

difference between the two fuels. 

• Reduction in CO2−eq emissions: 

Incorporating hydrogen into biomethane fuel 

can reduce CO2−eq emissions by up to 5.5%, 

offering a promising path to substantially 

reduce GHG emissions compared to CNG. 

• Difference Between Fuels: CNG showed a 

more pronounced impact on NOx emissions 

compared to biomethane, due to the higher 

concentration of nitrogen and oxygen in CNG 

that contributes to the formation of NOx 

during combustion. 
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