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1. Introduction 

Sustainability initiatives aimed at decreasing hy-
drocarbon emissions from the combustion of fossil fuels 
will persist in various areas, such as the design of engines, 
the implementation of advanced technology for combustion 
control, and the adjustment of combustion parameters. The 
effectiveness of complete combustion is heavily influenced 
by the availability of sufficient combustion air to ignite all 
parts of the fuel injected into the combustion chamber [1-2]. 
The necessity for combustion air is contingent upon the 
makeup and quantity of the components that comprise the 
fuel, whether hydrocarbon or bio-hydrocarbon, as indicated 
by the fuel compound formula [3]. The amount of required 
combustion air is generally expressed in terms of the ratio 
of air to fuel, expressed in units of air mass per mass of fuel 
(kg/kg). It is considered sufficient when it enables the com-
plete combustion or oxidation of all the injected fuel without 
leaving behind excess oxygen or unburned fuel, which is 
typically referred to as stoichiometric AFR [1, 3].  

A stoichiometric air-fuel ratio (AFR) is essential 
for complete combustion, but in practical application, both 
rich and lean mixtures are necessary for certain conditions. 
Lifeng Zhao [4] conducted combustion tests on a gasoline 
and 20% ethanol mixture in a gasoline direct injection en-
gine (GDI) under stoichiometric and lean combustion con-
ditions. The results showed that combustion efficiency in-
creased with lean combustion at an excess air coefficient of 
1.2–1.3. Furthermore, the E20 fuel consumption rate was 
5% lower than that of gasoline combustion under the same 
excess air conditions. Meanwhile, research conducted by 
Odunlami et al. [5] explains that most motorbikes in Nigeria 
operate at lambda values greater than 1 or rich mixture con-
ditions, where the actual AFR > ideal AFR. This triggers an 
increase in atmospheric HC, CO, and CO2 emissions. 
Meanwhile, an increase in NOx emissions is triggered when 
the mixture is poor or the actual AFR < ideal AFR; thus, 
there is no ideal AFR value to reduce all emissions produced 
by diesel and gasoline engines [6].  

The relationship between emissions from burning 
gasoline and lambda and AFR values was studied in depth 
by Al‑Arkawaz [7]. The research was conducted on moto-
rized vehicles in Iraq for six types of fuel volume capacities. 
The results show that O2 emissions will decrease if the 
lambda value increases, and if all the O2 is absorbed by the 
fuel, complete combustion will occur, and combustion pro-
duces only water vapor and CO2. The CO2 and CO emis-
sions decrease if the lambda value increases, while NO 
emissions are not affected by increasing the lambda value 

[8]. Fuel combustion emissions in internal combustion en-
gines can be predicted by carefully calculating the AFR of 
the fuel [9]. The accuracy of the calculation is at least influ-
enced by several factors, namely, NOx emissions, whose 
value does not significantly affect the AFR value; the as-
sumed value of the water and gas equilibrium constant (K), 
where variations in the K value from to 2-6 will affect the 
calculation of the AFR value by 2%; air temperature and 
relative humidity by 1%; and equipment errors. 

The air-fuel ratio plays a critical role in determi-
ning the quality of combustion and fuel consumption of an 
engine, as demonstrated by Frasci et al. [10]. When a turbu-
lent jet ignition (TJI) system is implemented in a spark igni-
tion engine, an increase in the lambda value from 1.0 to 1.6 
leads to slower combustion. However, the maximum in-
crease in the HRR value can be reduced. Furthermore, the 
application of TJI results in faster combustion compared to 
conventional systems under suboptimal combustion condi-
tions [11], thereby improving the combustion quality. Few 
research results specifically examine the air-fuel ratio to 
produce stoichiometric combustion other than those men-
tioned above. Therefore, this research was conducted in ad-
dition to validating the AFR value for a mixture of gasoline 
and bioethanol fuel in a balanced composition to produce 
high engine performance and low emissions. This study was 
also very useful as a prime reference material in the com-
bustion field with varying air-fuel ratios. 

2. Literature Review 

2.1. Bioethanol and internal combustion engine 

Bioethanol as a substitute for gasoline fuel to spark 
ignition engines is widely used in several countries, espe-
cially in Latin America [12]. Bioethanol is also widely used 
as a mixed fuel with gasoline, diesel, and other fuels in va-
rious blends. Research by Bhaskar Paluri et al. [13] revealed 
that the heat of combustion, fuel consumption, and peak 
combustion pressure increased with increasing bioethanol 
concentration in gasoline. This research is linear with the 
research of Rimkus et al. [14] and Paloboran et al. [15-16], 
who conducted an in-depth study on the use of E0, E50, E70, 
E85, and E100 fuels. Furthermore, Suyatno et. al. [17] have 
conducted a study on the use of isooctane fuel and a mixture 
of bioethanol and isooctane 50:50% at various ignition ti-
mings of 9, 12, and 15 bTDC. The results show that engine 
performance increases at an ignition timing of 12 bTDC for 
a mixture of isooctane and bioethanol fuel. Furthermore, the 
best engine performance is obtained when using isooctane 
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fuel at an ignition timing of 9 bTDC, except that energy con-
sumption, CO, and HC emissions are worse than the others. 
A decade before Suyatno, the use of isooctane fuel was also 
carried out by J.  Serras-Pereira et al. [18] in a spark ignition-
direct injection engine. The results show that the isooctane 
combustion process is slower than ethanol fuel. 

Two countries in South America namely USA and 
Brazil were the largest producers and used bioethanol for 
vehicles and have long been developing FFV fueled by E27 
as mandatory, E85, and even E100. A study was conducted 
by Felipe S. Frutuoso et. al. [19], who examined the perfor-
mance of FFV BRT in the city of Fortaleza. The results 
show that CO2 is the largest emission produced by vehicles 
for all types of fuel. The highest NOx emissions are pro-
duced by E100 fuel, while the highest CO emissions are pro-
duced by E85. One way to improve the performance of an 
ethanol-fueled SI engine at varying lambda is to use super-
charge. This was proven by Constantin Pana et al. [20] in 
their research using a 1.5L capacity SI engine fueled by E20. 
The results show that the power and pressure of the E20-
fueled engine are higher than that of gasoline fuel at the 
same lambda value. Likewise, CO, HC, NOx, and ISFC 
emissions from E20 fuel are lower than E0, although Nox 
emissions in E20 tend to increase if the lambda value is < 1 
[21]. 

Fuel quality also greatly influences fuel consump-
tion, AFR, lambda, and gasoline engine emissions. It was 
stated by Flamarz Al-Arkawazi [22], who researched gaso-
line-fueled GDI engines. The research results show that a 
high fuel octane value will cause increased fuel consump-
tion. Furthermore, the AFR value will decrease if the ben-
zene and aromatics content in gasoline increases, and this 
will also cause an increase in CO2 emissions. The increase 
of benzene and aromatic compounds in gasoline causes the 
AFR and lambda values to reach stoichiometric conditions, 
resulting in complete combustion. The use of various types 
of alternative fuels in gasoline engines as an effort to reduce 
hydrocarbon emissions will have an impact on the friction 
and wear of internal combustion engines [23]. In addition, 
in the long term, it will cause corrosion and chemical as well 
as tribo-chemical changes in the fuel mixture [24]. 

2.2. Energy balance and operational definition of research 
variable 

The combustion process in an internal combustion 
engine always strives for the energy contained in the fuel to 
be maximally converted to useful energy, which is measured 
through indicative power and shaft power parameters. Apart 
from being converted into indicative power, the energy pro-
duced from the thermochemical process of fuel will also be 
lost and wasted into the environment through the heat trans-
fer process, cooling system, and wasted energy through ex-
haust gas. Furthermore, the indicative power produced 
through the combustion process is converted into work to 
move the engine, and some of it is lost through friction, 
pumping, transmission system losses, etc. The energy bal-
ance in an internal combustion engine is shown via a Sankey 
diagram as shown in Fig. 1. 

2.2.1. Fuel energy 

In an internal combustion engine, air and fuel will 
blend and form a mixture that will ignite through a spark for 

a spark ignition engine or gasoline engine and through cyl-
inder pressure for a diesel engine. As the mixture of air and 
fuel burns, a certain amount of heat will be produced. Fur-
thermore, the amount of heat is influenced by several fac-
tors, one of which is the composition of the compounds con-
tained in the fuel. Moreover, the fuel energy is also influ-
enced by the type of carbon and hydrogen bonds in the com-
pound. For example, in hydrocarbon fuels, the energy pro-
duced by methane (CH4) is different from decane, C10H22 
[25]. 

 

Fig. 1 Sankey diagram of energy balance in ICE 

The quantity of energy released by fuel during the 
combustion process is determined by the Low Heating 
Value (LHV) or net calorific value of the fuel, and it is ex-
pressed in units of megajoules per kilogram (MJ/kg). The 
relationship between the LHV values of various types of 
fuel and the stoichiometric AFR values is shown in Fig. 2. 
The figure shows that the LHV values for several types of 
hydrocarbon fuel do not differ significantly. In contrast, 
fuels whose substance consists of oxygen compounds have 
a lower LHV value than hydrocarbon fuels, so the AFR 
value is lower than hydrocarbon fuels [26]. 

 

Fig. 2 LHV of various fuel types versus AFR values [25] 

2.2.2. Indicative power 

Indicative power is the power produced by the en-
gine in the process of burning fuel in the cylinder in the form 
of heat. In the combustion process, not all of the fuel energy 
can be converted into indicative power, but some of the en-
ergy will be lost through heat transfer and cooling processes 
and will exit through exhaust gases. 
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2.2.3. Brake power 

Brake power is the energy that is converted into 
useful power to drive the engine and expressed in kilowatts 
(kW). Based on Fig. 1, brake power is the difference be-
tween indicative power and friction losses, pumping losses, 
and losses in transmission systems. 

2.2.4. Energy losses 

Energy loss is energy that cannot be utilized as use-
ful power. Energy loss is caused by several factors, namely 
technical factors that consist of materials, machine construc-
tion, cooling systems, insulation systems, heat distribution, 
and utilization systems, as well as operational factors, in-
cluding combustion systems. 

3. Materials and Experiment Setup 

The engine is operated at constant load and speed, 
namely 3 Nm and 1500 RPM, respectively. This condition 
was deliberately chosen to see other engine parameters 
when the engine is at peak power (1800 RPM). The fuel 
used is a mixture of gasoline (in Indonesia called Pertalite, 
C8H12) and bioethanol (C2H5OH) with a composition of 
50%: 50% on a mass basis. The calorific value of the blend 
(E50) is 34.8 MJ/kg [27], which is properties as shown in 
Table 1. Meanwhile, the compression ratio used is 10:1 with 
standard ignition and AFR variations of 10:1, 12:1, and 
14:1. Specification of the test engine is shown in Table 2, 
while the error uncertainties for all measuring instruments 
used are shown in Table 3. 

Table 1 
Test fuel properties [14] 

Fuel/Properties Gasoline Bioethanol 
Chemical formula C8H12 C2H5OH 

Elements composition, %: 
Carbon © 

Hydrogen (H) 
Oxygen (O) 

C/H 

 
86.00 
13.998 
0.002 
6.15 

 
52.14 
13.13 
34.73 
3.97 

Density (20oC), kg/m3 736 790 
Viscosity (40oC), mm2/s 0.4–0.8  1.13 

Latent heat of evaporation, kJ/kg 364 840 
Laminar flame speed, cm/s 51 63 

AFR 14.84 9.10 
Auto-ignition temperature, oC 257 422 
Lower heating value, MJ/kg 43.5 27.0 

Octane Number 88-98 109 
Boiling point, oC 27-225 78 

4. Results and Discussion 

4.1. Fuel energy rate 

Fuel is a substance or material that can be burned 
and produces energy in the form of heat or power [28]. The 
amount of energy produced depends on the elements and 
compounds that make up the fuel, which are also used as 
indicators of fuel quality with certain standards. Figs. 4 and 
5 show the fuel energy produced from the E0 and E50 com-
bustion processes at engine speeds of 1500 and 1800 RPM 
with a constant load of 3 kg. Even though the LHV of E50 
fuel is lower than E0, the quantity of heat produced by E50 
is higher than E0 if the air-fuel ratio is 14:1, both at 1500 

RPM and 1800 RPM. This condition proves that theoreti-
cally, the stoichiometric air-fuel ratio of E50 is between E0 
(14:1) and E100 (9:1), which is around 12.5:1, but in reality, 
the E50 fuel energy is obtained at AFR 14:1, both at high or 
low engine speeds. The absolute error and uncertainty va-
lues of each measuring instrument used are included in this 
study; which state the difference between the measurement 
results and the actual value [42], as shown in Table 3. 

Meanwhile, the E50 fuel energy at AFR 10:1 tends 
to be the same as AFR 12:1 and smaller than E0, as shown 
in Fig. 4. Fig. 5 shows that the E50 fuel energy increases 
from 1500 RPM to 1800 RPM, and it is higher than E0, es-
pecially at AFR 12:1 and 14:1. Meanwhile, at AFR 10:1, the 
energy of E50 fuel is still smaller than E0 fuel. It illustrates 
that E50 fuel requires a higher temperature to produce high 
energy because the latent heat of vaporization of E50 is 
higher than E0, namely 924 kJ/kg: 400 kJ/kg [29]. It is con- 

Table 2 
The specification of the engine and apparatus 

Type of engine 4 strokes, SOHC 
Number of cylinders 1 

Length of stroke 110 mm 
Bore diameter 87.5 mm 

Cylinder volume 661 cm3 
Length of connecting rod 234 mm 

Maximum power 3.5 kW/1500 RPM 
Speed range 1200 – 1800 

Compression ratio range 6:1 – 10:1 
Injection variation 0 – 25o bTDC 
Dynamometer type Eddy current 

Software ICEngineSoft 
Piezo sensor Range: 5000 Psi 

Table 3 
Uncertainty and absolute error of measured parameters 

Measured parameter Uncertainty (%) Absolute error 
Engine speed 1 15 rev/min 

Load (kg) 0.25 - 
Pressure (bar) 0.5 - 
Air flow rate 2.05 99.16 cm3/s 
Fuel flow rate 2.06 1.28 x 10-2 m3/h 
Engine torque  2 0.6 N m 
Temperature 1.57 0.55oC 

 

Fig. 3 Engine test rig 
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Fig. 4 Fuel energy rate with AFR variations at 1500 RPM 

firmed by Figs. 4 and 5, where increasing engine RPM has 
a significant impact on increasing fuel energy by an average 
of 17% - 23% for both E0 and E50 fuels. 

4.2. Indicative power 

Indicative power is the power in the engine cylin-
der resulting from the fuel combustion process, or in other 
words, indicative power is the amount of fuel energy con-
verted into heat in the cylinder. Therefore, not all of the fuel 
energy can be converted into indicative power, but some 
will be released into the environment through various heat 
transfer modes [30]. Figs. 6 and 7 show the fuel energy E0 
and E50 converted into indicative power and energy lost 
through the cooling system, exhaust gas, and heat transfer 
with the environment at varying AFR. The fuel energy con-
verted into IP (indicative power) decreases with increasing 
combustion AFR for E50, whose value is higher than E0 for 
all AFRs, both at 1500 RPM and 1800 RPM [31] as seen in 
Figs. 6 and 7. 

4.3. Energy losses 

The average loss of fuel energy wasted in the en-
gine cooling process is 20%, which tends to decrease with 
increasing engine speed and AFR [32]. It indicates that the 
heat difference between the system or combustion chamber 
and the cooling system decreases with increasing the AFR, 
so the heat flow to the cooling system also decreases [33]. 
The evaporation pressure of bioethanol is higher than gaso-
line, so it is one of the causes of energy losses of E50 in the 
cooling  system  is  lower  than E0 [34].  Figs. 6 and 7 also 

 

Fig. 5 Fuel energy rate with AFR variations at 1800 RPM 

 

Fig. 6 Conversion of fuel energy at 1500 RPM 

show that the heat energy absorption in the cooling system 
decreases with increasing engine speed for both E0 and E50 
fuels. However, this condition has the consequence of in-
creasing heat loss on the cylinder walls through the conduc-
tion heat transfer process. The results also found that heat 
loss through the cylinder walls increased with increasing en-
gine speed and AFR for E50 and E0 fuels caused the friction 
to increase [35]. 

The high energy wasted through the stack indicates 
that the heat produced from the fuel combustion process 
cannot be converted into useful power in an energy genera-
tion system [36]. Therefore, to reduce heat loss in  

 

Fig. 7 Conversion of fuel energy at 1800 RPM 

 
Fig. 8 Conversion of IP to BP and FP at 1500 RPM 

exhaust gases, the system can utilize the energy through a 
heat recovery process so that the system's thermal efficiency 
can increase ([37], 2024). Figs. 6 and 7 also show that heat 
loss in the exhaust gas increases with increasing AFR and 
engine speed. This is because the air and fuel mixture also 
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increase with increasing AFR. Furthermore, the cylinder 
temperature will increase with increasing engine speed so 
that the energy produced in the form of heat also increases. 
Heat loss in exhaust gas for E0 fuel is higher than for E50 
because the calorific value of E0 fuel is higher than E50. 

4.4. Brake and Friction Power 

Brake power is indicative power in the form of heat 
energy in the cylinder that is converted into actual power on 
the output shaft to move the vehicle or engine load, as seen 
in Fig. 1. Based on this, the indicative power delivered into 
brake power is around 25% on average, both at low and high 
engine speeds, while around 75% becomes friction loss, as 
seen in Figs. 8 and 9. Indicative power converted into brake 
power tends to increase at an AFR of 12:1 and AFR of 14:1 
for the E50, while at an AFR of 10:1, it tends to decrease for 
E50 and E0 fuels. The low indicative power converted into 
shaft power is due to the high frictional power in the system 
[38]. It can be caused by the viscosity of the lubricating oil 
being too high, causing friction between the piston and the 
cylinder wall through the lubricating oil to increase. There-
fore, reducing friction losses in internal combustion engines 
can be done by decreasing the viscosity of the lubricating oil 
or adding certain additives to the lubricating oil [39]. 

 

Fig. 9 Conversion of IP to BP and FP at 1800 RPM 

4.5. Efficiencies 

Efficiency is one indicator of energy performance 
in optimizing the utilization of all the components in the sys-
tem. One of the aims of the thermal generation process is 
carried out through a combustion process to produce high 
thermal efficiency. The performance of internal combustion 
engines (ICE) that are used to drive vehicles is measured in 
at least four efficiency parameters, i.e. indicative thermal ef-
ficiency, brake thermal efficiency, mechanical efficiency, 
and volumetric efficiency. Figs. 10 and 11 show various ef-
ficiency indicators for burning E0 and E50 fuel under vary-
ing air-fuel ratios. The indicative thermal efficiency of E50 
fuel decreases with increasing AFR from 10:1 to 12:1 at 
1500 RPM but will reach its peak at AFR 14:1 and an engine 
speed of 1800 RPM. Meanwhile, the indicative thermal ef-
ficiency of E0 fuel decreases as engine speed increases. In-
dicative thermal efficiency is an indicator of the potential 
energy of fuel that can be optimized to become heat in the 
cylinder [40]. The indicative thermal efficiency value de-
pends on the amount of heat loss in the flue gas and energy 

 

Fig. 10 Various types of efficiency at 1500 RPM 

 

Fig. 11 Various types of efficiency at 1800 RPM 

loss due to heat transfer, as shown in Figs. 6 and 7. 
Meanwhile, brake thermal efficiency is the ratio of 

the power on the output shaft and the energy generated in 
the combustion process. In research, brake thermal effi-
ciency appears to decrease with increasing AFR at both low 
and high RPM. This is caused by increased friction in the 
cylinder due to the high viscosity of the lubricating oil and 
increased temperature in the cylinder. Figs. 10 and 11 also 
show the mechanical efficiency of the system that tends to 
decrease with increasing AFR and engine speed. The de-
crease in mechanical efficiency is also influenced by the in-
crease in friction losses during the process [41]. Moreover, 
volumetric efficiency indicates the volume of the air mix-
ture that fills the combustion chamber volume, the value of 
which increases with increasing AFR and engine speed on 
E50 fuel, whereas for E0 fuel, it will decrease with increas-
ing engine speed. 

5. Conclusions 

Theoretically, the stoichiometric air-fuel ratio of 
E50 is 12.5:1. However, it has been found that the optimal 
combustion performance of E50 in a 662 cc, single cylinder, 
and spark ignition engine was at AFR 14:1. Some important 
indicators from the results of this research are as follows: 
1. The fuel energy of E50 increases by 1.5% at 1500 RPM 

and 6.9% at 1800 RPM compared to gasoline fuel at 
AFR 14:1. Even though the calorific value of E50 is 21% 
smaller than E0 fuel, the latent heat of vaporization of 
bioethanol, which is 60% higher than gasoline, makes 
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the high contribution to increasing fuel energy if applied 
to AFR 14:1. 

2. The amount of E50 fuel energy converted into heat en-
ergy in the cylinder at AFR 14:1 will be lower than at 
AFR 12:1 and 10:1. However, the indicative power of 
E50 is still higher than that of E0 fuel at 1500 RPM and 
1800 RPM. 

3. Heat loss in the E50 fuel combustion system is lower 
than in E0 fuel, both in heat transfer processes in the cyl-
inder walls and the engine cooling system. The heat loss 
of E50 fuel also decreases with increased AFR and en-
gine speed. However, energy losses in the exhaust gas of 
E50 fuel increase with increasing AFR and engine speed 
and are higher than E0. 

4. The heat in the combustion chamber that is converted to 
power at the engine output shaft for E50 fuel decreases 
if the AFR and engine speed increase. It is due to the 
heat in the cylinder increasing with increasing AFR and 
PM so that friction losses increase. 

5. Some efficiency indicators show that the optimum val-
ues of indicative thermal efficiency, brake thermal effi-
ciency, and mechanical efficiency are obtained when us-
ing AFR 10:1 for E50 fuel and are better than E0 fuel. 
However, optimal volumetric efficiency was obtained at 
AFR 14:1, and the value tends to increase sharply if the 
engine speed increased. 

The result of this research is the application of the 
principle of the first law of thermodynamics which is fo-
cused on the equilibrium of energy quantity. To complement 
the results of this study, further research will analyze the 
quality of energy in combustion components through the ex-
ergy analysis approach which is an application of the second 
law of thermodynamics. 
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M. Paloboran, T. A. Pangruruk, Y. Tjandi 

EVALUATION OF ENERGY CONVERSION AND  
DISTRIBUTION ON THE SI-PFI ENGINE FUELED BY 
A GASOLINE-BIOETHANOL BLEND WITH AFR 
VARIATIONS 

S u m m a r y 

This study aims to investigate the engine 
performance of spark-ignition engines with port fuel 
injection using E50 fuel, which contains 50% gasoline or 
pertalite (in Indonesia) and 50% hydrate bioethanol, at air-
fuel ratio variations of 10:1, 12:1, and 14:1. The 
experiments were conducted using a 1-cylinder, 662 cc 
engine research test with a constant load of 3 kg and engine 
speed variations of 1500 and 1800 RPM, as well as a 
compression ratio of 10:1 and standard ignition timing. The 
engine ran with E50 fuel, and the experimental results were 
compared with those of E0 for an air-fuel ratio of 14:1. 
According to the data, the fuel energy of E50 in an AFR of 
14:1 is 0.11 kW higher than that of E0, and it increases by 
21.6% when the engine speed increases from 1500 to 1800 
RPM. The results also indicate that the efficiency of all 
performance indicators, such as indicative thermal 
efficiency, brake thermal efficiency, and mechanical 
efficiency, is maximized when the engine is operated at an 
AFR of 10:1 for E50 fuel. Additionally, the volumetric 
efficiency of E50 reaches its maximum when the fuel is 
burned at an AFR of 14:1, and it increases as the engine 
speed increases. However, it should be noted that the brake 
power decreases due to the frictional power of the fuel 
increase. 

Keywords: AFR, energy conversion, gasoline, bio-ethanol, 
fuel blend, energy. 
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