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In the current study, the hydrogen-addition influence on the performance 

of an SI engine using a gasoline-ethanol blend is investigated 

numerically. The simulation and validation of the model are carried out 

in order to evaluate the engine performance using conventional gasoline 

(G100) and the blend of gasoline and ethanol (G75E25). Furthermore, 

the hydrogen is added to the gasoline–ethanol blend (G50E25H25) to 

improve the engine thermal efficiency and reduce the amount of brake 

specific fuel consumption (BSFC) which leads to the reduction in 

greenhouse gas (GHG) emissions. The brake specific carbon dioxide 

(BSCO2) is also studied in this paper. Results show that the addition of 

hydrogen increases the brake power and thermal efficiency, moderates 

the BSFC, and decreases the maximum temperature of combustion 

chamber which reduces the production of greenhouse gases as well as 

BSCO2. In comparison with pure gasoline, by using G50E25H25, the 

maximum temperature of in-cylinder gas decreased by 12.55%, 10.82%, 

and 13.43% at 2000, 4000, and 6000 rpm, respectively. It is also 

evaluated that the lowest amount of BSCO2 is related to G50E25H25 in 

most of the engine speeds. The bio-fuel of G75E25 and pure gasoline are 

placed in next positions, respectively.  
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1. Introduction  

Despite the fact that global fossil energy 

resources are coming to an end, petroleum 

resources play a significant role in automotive 

industry, which can result in environmental 

problems such as global warming and air 

pollution [1-5]. During previous years, different 

methods and techniques such as vehicle 

electrification and using bio alternative fuels 

have been applied to conventional vehicles to 

reduce the mentioned crises of fossil fuels [6-

10]. In the case of utilizing alternative bio-

fuels, many researchers have investigated the 

effects of different bio-fuels such as methanol, 

ethanol, and n-butanol on engine efficiency 

[11-13], emission characteristics [14-16], knock 

probability [17-20], and fuel consumption [21-

23] of spark ignition and compression ignition 

engines. 

Jeevahan et al. [24] studied the effects of 1-

butanol/biodiesel blends on the engine 

performance and emissions characteristics of a 

single-cylinder compression ignition engine. 

They concluded that the addition of 1-butanol 

slightly reduces the brake thermal efficiency as 

compared to that of neat biodiesel. However, 

there is a reduction in specific fuel 

consumption, exhaust gas temperature and 

emissions of tested gases including NOx, CO 

and HC.  

Gupta and Mittal [25] performed a 

comparative study on a spark-ignition engine 

operated with gasoline and methane in different 

load conditions. This comparative investigation 

indicated that the BSFC of the engine using 

methane was lower compared to conventional 

gasoline at all engine loads. However, the 

combustion duration was longer for methane as 

compared to gasoline. The emission of nitrogen 

oxide decreased for methane, with a reduction 

of about 22% at higher load of 14 N.m. 

Furthermore, the emission of hydrocarbon was 

also reduced for methane, with a reduction of 

about 51% at 14 N.m. Also, the decrement of 

CO and CO2 emissions were noticeable in 

engine consuming methane.  

Nayyar et al. [26] studied the performance 

and emissions of oxygenated ternary fuel 

mixtures to specify the optimum ratio of blends 

in aspect of emissions reduction. The 

nitromethane-n-butanol–diesel blend is termed 

as bio-oxygenated fuel. Baseline data were 

generated by using diesel and a blend of 20% 

(v/v) n-butanol with diesel (B20). Their results 

showed that the optimum emissions reduction 

was related to 1% of nitromethane by volume 

(NM1B20). They realized that nitromethane-n-

butanol–diesel blends are highly efficient 

alternatives to reduce emissions in compression 

ignition engines with a slight improvement in 

performance characteristics. 

Galloni et al. [27] analyzed the behavior of 

various blends of alcohol and gasoline in a 

downsized SI engine. At low load, the optimum 

spark advance is not more sensitive to the fuel 

composition. Increasing the alcohol percentage 

in the mixture, the spark advance can be 

reduced due to the higher alcohol flame speed 

compared to that of pure gasoline. At high load, 

the spark advance is knock limited. Due to the 

alcohol higher knock resistance, with respect to 

gasoline, the spark time can be advanced. So 

the fuel conversion efficiency may benefit from 

this new engine setting.  

Natarajan et al. [28] experimentally analyzed 

the early direct injection in an HCCI engine. In 

order to conduct investigation, the neat diesel 

and bio ethanol-diesel blend (E20) were used as 

fuel and the pressure, combustion and emission 

characteristics were studied in the equivalence 

ratio of 0.6. The injection timing was advanced 

to 18° rather than the normal 23° BTDC. They 

showed that the major emission of an HCCI 

engine is unburned hydrocarbons. In general, 

HC emission is produced due to the incomplete 

combustion which is caused due to the 

insufficient oxygen available for combustion. 

They concluded that the emission of unburned 

hydrocarbons reduced by about 9% when bio 

ethanol-diesel blend (E20) is used as fuel. 

Regarding the previous studies, the effects of 

hydrogen-addition on the performance and 

emissions of bio-fueled spark ignition engines 

are not considered noticeably by former 

investigators. In the first step of this study, the 

volumetric mixture of 75% pure gasoline and 

25% ethanol (G75E25) is used to gain 

advantages of alcoholic fuels characteristics. In 

the next step, the volume of 25% hydrogen is 

added to the mentioned blend in order to 

improve the thermal efficiency and the brake 

specific fuel consumption (BSFC). Moreover, 

the influence of hydrogen-addition on the 

maximum gas temperature in combustion 

chamber and brake specific carbon dioxide 

(BSCO2) will be also examined. Therefore, a 
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new gasoline-ethanol-hydrogen fuel blend 

(G50E25H25) will be introduced and 

investigated numerically for comparison of the 

mentioned characteristics with G100 and 

G75E25. As an alternative fuel, G50E25H25 is 

a volumetric blend of 50% gasoline, 25% 

ethanol, and 25% hydrogen. 

2. Numerical Modelling 

The engine is considered as a closed 

thermodynamic system and differential energy 

equation is used in order to analyze the energy 

balance of the engine. The differential energy 

balance is utilized for small variations of crank 

angle. 

The required information for simulation 

including engine geometry, AF ratio, and 

valves lift, etc. are provided from experimental 

data. The parameter of P-θ is achieved by the 

implicit differential equation of in-cylinder 

pressure. The implicit ODE is shown in Eq. (1) 

which will be solved through forth order 

Runge-Kutta technique. The three parameters 

of 
𝑑𝑉

𝑑𝜃
, 
𝑑𝑥𝑏

𝑑𝜃
 and 

𝑑𝑞𝑤

𝑑𝜃
 are calculated via sub-

models which will be introduced in next parts. 

𝑑𝑃

𝑑𝜃
= −𝛾

𝑃

𝑉

𝑑𝑉

𝑑𝜃
+
𝛾 − 1

𝑉
(𝑞𝑖𝑛

𝑑𝑥𝑏
𝑑𝜃

−
𝑑𝑞𝑤
𝑑𝜃

) (1) 

2.1. Engine Geometry 

The technical specifications of the studied 

engine are illustrated in Table 1. The volume of 

the single-cylinder, four-stroke, and SI engine 

is 124.1 cc and the compression ratio of the 

engine is 9.1. 

Table 1: Technical specifications of the single-

cylinder engine 

Volume (cc) 124.1 

Bore (mm) 56.5 

Stroke (mm) 49.5 

Arrangement of Valves Two OHC valves 

Compression ratio 9.1:1 

Rated power (hp) 9.92 (8492 rpm) 

Rated torque (N.m) 9.23  (6997 rpm) 

Intake valve timing 5° bTDC/35° aBDC 

Exhaust valve timing 30° bBDC/5° aTDC 

 

In order to calculate cylinder volume in every 

crank angle (θ), Eq. (2) is considered. 

𝑉 = 𝑉𝐶 +
𝜋𝐵2

4
(𝑙 + 𝑟 − 𝑠) (2) 

VC is the clearance volume of the cylinder. B, 

l, and r, are the cylinder bore, connecting rod’s 

length, and crank radius of the engine, 

respectively. Moreover, s is the distance 

between the piston pin axis and crankshaft axis 

which is achieved by Eq. (3)[29]. 

𝑠 = 𝑟 cos𝜃 + (𝑙2 + 𝑟2𝑠𝑖𝑛2𝜃)
1
2⁄  (3) 

2.2. Combustion Model 

In order to simulate combustion process in the 

spark ignition engine, Wiebe function is applied 

which is given in Eq. (4). 

𝑥𝑏 = 1 − 𝑒𝑥𝑝 [−𝑎 (
𝜃 − 𝜃0
∆𝜃

)
𝑚+1

] (4) 

where 𝜃, 𝜃0 , and ∆𝜃 are crank angle, start of 

the combustion, and total combustion duration, 

respectively. The variation of 𝑥𝑏 is from 0 to 

0.99. In order to achieve the greater accuracy of 

simulation, parameters of a and m are adjusted 

with engine operation conditions [30].  

2.3. The Model of Heat Transfer 

The correlation of Woschni is considered for 

determination of the heat transfer rate through 

cylinder walls of the engine. 

ℎ = 0.01298𝐵−0.2𝑃0.8𝑇−0.55𝜔0.8 (5) 

The parameter of 𝜔 as the average gas 

velocity in cylinder which is computed by Eq. 

(6). The coefficients of 𝐶1 and 𝐶2 depend on 

swirling of in-cylinder gases and engine speed 

[29].  

𝜔 = [𝐶1𝑆�̅� + 𝐶2
𝑉𝑑𝑇𝑟
𝑃𝑟𝑉𝑟

(𝑃 − 𝑃𝑚)] (6) 

Therefore, 
𝑑𝑞𝑤

𝑑𝜃
 can be achieved via Eq. (7). 

The simulated model is validated in previous 

studies [2, 31, 32]. 
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𝑑𝑞𝑤
𝑑𝜃

=
ℎ × 𝐴𝑤 × (𝑇𝑔 − 𝑇𝑤)

6𝑁
 (7) 

 

3. Results and Discussion 

3.1. Engine Performance and BSFC 

According to introduction section, there are 

some significant benefits from adding ethanol 

as a kind of bio-fuel to gasoline. However, it is 

observed from the general trends of thermal 

efficiency that ethanol can decrease the 

percentage of thermal efficiency of the engine 

as given in Figure 1. Nevertheless, adding 

hydrogen to this fuel mixture can solve the 

problem and boost the thermal efficiency of the 

engine even more than initial figure obtained by 

using pure gasoline. 

According to Figure 1, the percentage of 

thermal efficiency of the engine with all three 

different fuels, experiences the lowest values 

while it is working at 1000 rpm engine speed 

(26.11%, 23.01%, and 27.14% for G100, 

G75E25, and G50E25H25, respectively). As 

the engine speed increases, the thermal 

efficiencies improve until they reach peak at 

32.57% for G100, 32.05% for G75E25, and 

32.58% for G50E25H25 at 6000, 5000, and 

6000 rpm, respectively. 

 

Figure 1: Thermal efficiency of the engine using 

three different fuels vs. engine speed 

According to Figure 2, addition of ethanol to 

pure gasoline increases the amount of brake 

specific fuel consumption (BSFC) due to the 

low air-to-fuel ratio of alcoholic fuels. As it is 

demonstrated in Figure 2, hydrogen addition to 

ethanol-gasoline blend can control this 

increment, especially at low engine speeds. 

This reduction can be explained by the high air-

to-fuel ratio of hydrogen fuel and the reduction 

of the mass flow of total fuel. 

 

Figure 2: BSFC of the engine using three 

different fuels vs. engine speed 

3.2. Combustion Chamber Temperature and 

Emissions 

The reduction of the temperature of 

combustion chamber causes lower emissions. 

The gas temperature in combustion chamber at 

engine speeds of 2000, 4000, and 6000 rpm is 

illustrated in Figures 3-5, respectively. From 

Figures 3-5, it is obvious that the curves for the 

temperature of combustion chamber using 

G100 and G75E25 are approximately identical, 

while hydrogen addition could significantly 

decrease the temperature during power and 

exhaust strokes. 

As shown in Figure 3, the maximum 

temperature of the gas in combustion chamber 

at 2000 rpm for G100, G75E25, and 

G50E25H25 are 2190.59℃, 2211.09℃, and 

1915.57℃, respectively. The temperature of gas 

in combustion chamber using G100 and 

G75E25 are quite similar, but 25 percent of 

hydrogen addition can noticeably decrease the 

maximum temperature by 12.55% due to its 

high air to fuel ratio. Moreover, there is a 

fluctuation in gas temperature during the 

exhaust stroke. 

 

Figure 3: Gas temperature in combustion 

chamber at 2000 rpm 
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As it is presented in Figure 4, the maximum 

temperature of the gas in combustion chamber 

at 4000 rpm for G100, G75E25, and 

G50E25H25 are 2279.92℃, 2270.98℃, and 

2033.17℃, respectively. As it was discussed 

before, the high air to fuel ratio of hydrogen 

makes the hydrogen addition an effective 

technique to decreases the maximum gas 

temperature in the combustion chamber. 

Regarding Figure 4, the reduction of maximum 

gas temperature in the engine using 

G50E25H25 is 10.82% at 4000 rpm. 

 

Figure 4: Gas temperature in combustion 

chamber at 4000 rpm 

According to Figure 5, the maximum 

temperature of the gas in combustion chamber 

at 6000 rpm for G100, G75E25, and 

G50E25H25 are 2320.87℃, 2346.16℃, and 

2009.04℃, respectively. Like the engine 

operation at 2000 and 4000 rpm, the maximum 

gas temperature in combustion chamber in the 

engine using G100 and G75E25 are remarkably 

similar at 6000 rpm. Addition of hydrogen to 

the blend reduces the highest temperature of in-

cylinder gas by 13.43%. 

 

Figure 5: Gas temperature in combustion 

chamber at 6000 rpm 

Brake specific carbon dioxide (BSCO2) is 

another significant criterion in aspect of 

emission production. Adding alcoholic fuels 

such as ethanol can decrease the amount of 

BSCO2. As shown in Figure 6, the BSCO2 of 

G75E25 is lower than pure gasoline. 

Furthermore, hydrogen addition would give us 

the opportunity to emit much lower amount of 

carbon dioxide as a greenhouse gas (GHG). 

Regarding Figure 6, the maximum brake 

specific carbon dioxide for G100, G75E25, and 

G50E25H25 are 984.671, 993.89, and 946.764 

g/kWh, respectively. These values decrease as 

the engine speed increases and reach 792.151, 

769.479, and 771.79 g/kWh at 6000 rpm. The 

fluctuations of Figure 6 show that the lowest 

amount of BSCO2 is related to G50E25H25 

fuel blend in most of the engine speeds. The 

bio-fuel of G75E25 and conventional gasoline 

are placed in next positions, respectively. 

 

Figure 6: BSCO2 of the engine using three 

different fuels vs. engine speed 

4. Conclusion 

In this research, a single-cylinder, four-

stroke, and SI engine is investigated 

numerically in order to simulate the operation 

conditions of the engine using three different 

types of fuels including G100, G75E25, and 

G50E25H25. The following results can be 

concluded: 

• While there are a wide array of benefits 

by using alcoholic fuels in SI engines 

which are mentioned in introduction 

section, addition of ethanol decreases the 

thermal efficiency of the engine. 

However, addition of hydrogen by 25% 

can address this problem and increase the 

engine thermal efficiency. The 

comparison between three studied fuels 

demonstrates that the highest percentage 

of thermal efficiency is related to the 

engine using G50E25H25. 

• The increment of BSFC is another 

problem of alcoholic fuels. Nonetheless, 

this problem is also moderated by 

hydrogen addition method. It should be 
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noted that the lowest amount of BSFC is 

still belongs to G100. G50E25H25 and 

G75E25 are placed in next orders, 

respectively. 

• The reduction of the temperature of 

combustion chamber causes lower 

emissions. The hydrogen-addition 

technique decreases the maximum gas 

temperature due to the high air to fuel 

ratio of hydrogen. In this study, after 

hydrogen utilization, the maximum 

temperature of in-cylinder gas decreased 

by 12.55%, 10.82%, and 13.43% at 2000, 

4000, and 6000 rpm, respectively. 

• Brake specific carbon dioxide (BSCO2) is 

a prominent parameter in aspect of 

greenhouse gas emission. The hydrogen-

addition method reduces the amount of 

BSCO2. The lowest amount of BSCO2 is 

related to G50E25H25 in most of the 

engine speeds. The bio-fuel of G75E25 

and G100 are placed in next positions, 

respectively. 

 

List of symbols  

𝐴𝑤 Cylinder wall area 

𝑎 Adjustable parameter 

𝐵 Cylinder bore 

𝐶1 Constant parameter 

𝐶2 Constant parameter 

ℎ Heat transfer coefficient 

𝑙 Connecting rod’s length 

𝑚 Adjustable parameter 

𝑁 Engine speed 

𝑃 In-cylinder pressure 

𝑃𝑚 Motored cylinder pressure 

𝑃𝑟  Working-fluid pressure 

𝑞𝑖𝑛 Total heat addition 

𝑞𝑤 
Heat transfer from the combustion 

chamber wall 

𝑟 Crank radius 

𝑠 
Distance between piston pin axis and 

crank axis 

𝑆�̅� Mean piston speed 

𝑇 Temperature 

𝑇𝑤 Wall temperature 

𝑇𝑔 In-cylinder gas temperature 

𝑇𝑟 Working-fluid temperature 

𝑉 In-cylinder volume 

𝑉𝐶 Cylinder clearance volume 

𝑉𝑟  Working-fluid volume 

𝑥𝑏 Mass fraction burned 

 

Greek symbols 

𝜃 Crank angle 

𝜃0 Start of combustion angle 

∆𝜃 Total combustion duration angle 

𝛾 Specific heat ratio 

𝜔 Average cylinder gas velocity 
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