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The study is based on the first and second laws of thermodynamics to investigate and analyze the performance of 
spark ignition engines with varying injection durations of the gasoline and bioethanol fuel blend (E50). Experiments 
were conducted using standard parameters of engines, including an 11:1 compression ratio and 12 bTDC of ignition 
timing. The injection volume of the fuel blend was set at 100% to 200% (increment of 25%) of the injection volume 
of gasoline. The effect of the injection volume of E50 is evident in various performance indicators, including brake-
specific fuel consumption (BSFC), thermal efficiency, and brake power, as observed in both energy and exergy 
analyses. The most important conclusion of this study is that the performance of the engine using E50 would be 
similar to gasoline (E0), both in energy and exergy analyses, when the injection volume of E50 increased by 25% 
compared to gasoline. 
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HIGHLIGHTS 

- Explain the principles of applying the first law of thermodynamics (energy analysis) and the second law of
thermodynamics (exergy analysis) to evaluate the performance of SI-PFI engines.

- Analyze the differences in energy quantity and quality produced from burning E50 fuel using energy and
exergy analysis methods.

- Proposing a strategy to enhance the performance of E50 fuel in SI-PFI engines by optimizing the injection
volume.

1 Introduction 

Natural disasters such as floods and global warming that hit parts of the world in the last decade have increased in 
escalation impacts to environmental damage [1]. The destruction is mainly caused by increasing carbon dioxide in 
the atmosphere caused by rising numbers of cars and motorcycles in the transportation sector. This is one of the 
negative impacts of increasing mobility and population growth [2]. Therefore, the 2015 Paris Agreement was initiated 
to realize CO2 emission reductions by regulating CO2 production and consumption on CO2-producing sources and 
limiting the use of fossil fuels [3-5]. Reducing CO2 production through recycling and CO2 capture through various 
media was a part of the regulation [6]. The use of alternative energy in private and public transportation continues to 
increase in gasoline and diesel engines to reduce carbon emissions. It is reasonable because using biofuels in 
vehicles can reduce carbon emissions by up to 85% [7-10]. 
This study aims to determine the quality of energy produced from the combustion of E50 and compare E0 with exergy 
analysis. This is one way to find out the sources of energy losses in the system so that improvements can be made. 
This work also uses a blend of gasoline and bioethanol (E50) fuels which are known to reduce hydrocarbon emissions 
significantly. By combining the use of exergy analysis and E50 fuel, the fuel is more efficient, and the reduction in 
hydrocarbon emissions is more significant, which is the main contribution of this study. 

1.1 Literature review 

The thermal energy plant was constructed to get a high efficiency and low energy loss unexceptional on the internal 
combustion engine (ICE). The engine performance indicators are displayed through thermal efficiency, mechanical 
power, fuel consumption, energy loss, and hydrocarbon emissions [11]. These indicators can be analyzed using the 
first law of thermodynamics concept approach or energy analysis [11-12]. However, energy analyses that consider 
energy to be eternal cannot reveal the quality, quantity, and location of energy loss in the system precisely [13]. 
Therefore, it required an analysis that can estimate the energy rate from the beginning to the end of the process, 
known as availability analysis or exergy analysis based on the second law of thermodynamics. The method can 
calculate the quantity and quality of energy and indicate the location and direction of the actual process that has been 
reducing the energy quality [14]. Exergy analyses are different from energy analyses in which exergy analyses are 
impermanent, so the potential energy at the beginning of the process will be reduced and not the same as energy at 
the end of the process due to the irreversible processes in the system, so the condition will become a trigger to 
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producing high exergy destruction [15]. Exergy destruction occurs because the system will interact with its 
environment as an exergy reference before the two systems reach equilibrium [16]. Exergy analysis applications in 
thermal generation systems have been widely used by several researchers, especially in power plant systems [17-
18], MSW gasification systems [19], and solar cells [20]. However, no literature examines the energy quality of internal 
combustion engines, especially those using E50 fuel with variations in injection volume.  
The performance of internal combustion engines with energy and exergy analysis has been worked on by Sohret et 
al. [21] on a hydrogen-fueled spark ignition engine with variations in ignition timing and compression ratio. The results 
show that an increase in the compression ratio of 1.5% can increase the cylinder pressure by 250 kPa. Furthermore, 
the optimal energy and exergy values for several engine performance indicators were obtained at the ignition timing 
of 10 bTDC (the ignition timing range is 10-25 bTDC). Meanwhile, research conducted by Kul et al. [22] for diesel 
engines with the addition of 5% bioethanol to a mixture of diesel fuel (D100) with biodiesel B3, B10, B15, and B20 
showed that the highest thermal efficiency, exergy efficiency, and brake power obtained when the engine uses D100 
fuel. Furthermore, engine performance decreases when the percentage of biodiesel increases in diesel fuel.  
Panigrahi [23] also has to investigate the diesel engine performance using diesel and Simarouba biodiesel fuel blend 
of 20% (SB20). The results show that the fuel energy and energy in the exhaust gas of D100 are higher than in SB20 
and D80 fuel blends, even though brake power and energy loss in both fuels tend to be similar. However, fuel exergy 
and exergy destruction of D100 are slightly higher than SB20, and exergy in brake power as well as loss of exergy 
in the exhaust gas tends to be similar for both fuels. 
Performance investigation of the diesel engine direct injection with the addition of < 40% of CNG in diesel fuel using 
energy and exergy analysis has been studied by Mattson et al. [24]. The result shows that exergy efficiency will 
increase with an increase in CNG volume in the fuel, especially on high load, so the exergy consumption is lowest 
compared to the D100. Similar studies have been conducted by Yesilyurt et al. [25] with variating in injection pressure 
on diesel engines single cylinder by using D100 as well as oil-cooking biodiesel and canola oil fuel blend in 
composition 50% (v/v). The study results explained that maximum efficiency for energy and exergy analysis in diesel 
fuel was obtained on injection pressure of 190 bar (standard injection), while 210 bar for biodiesel fuel blend. 
Furthermore, the energy and exergy efficiency of biodiesel fuel increase with an increase in injection pressure, and 
the exergy destruction of biodiesel lowest than diesel fuel. In addition, the analysis of energy and exergy was also 
studied by Nazzal et al. [26] to evaluate spark engine performance. The engine operates under varying speeds using 
gasoline-ethanol, gasoline-butanol, and gasoline-ethanol-butanol fuel with a gasoline concentration of 85% in the 
three-fuel blend fixed. The results show that some engine performance indicators, such as brake power, exergy loss 
in heat transfer, exergy loss in the exhaust gas, brake thermal efficiency, and exergy efficiency for gasoline-butanol 
are higher than gasoline-ethanol fuel. However, the destruction exergy for gasoline-butanol fuel is lower than for 
gasoline-ethanol fuel. 
Based on the many sources of literature that have been reviewed, the authors have not found energy and exergy 
analysis applied to a single-cylinder gasoline engine fueled with a gasoline-bioethanol mixture at a high compression 
ratio, and on variations of engine speed and injection volume. Therefore, to fill this void, this research is focused on 
assessing the performance of a 4-stroke SI-PFI engine using energy and exergy analysis. The engine operated at a 
compression ratio of 11:1 and an ignition of 12 bTDC (advanced of 2 bTDC from standard engine ignition), fueled by 
a mixture of gasoline-bioethanol (50% v/v) with variations in engine speed of 1000–7000 Rpm (100 increments) and 
variations in volume injection 1 – 2 times (0.25 increase) from a standard injection. The energy and energy values 
for variation of engine speed and injection volume are then compared to several engine performance indicators, 
including comparing the results if the engine uses gasoline at standard engine parameters. 

 
Fig. 1.  Experiment set-up 
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2 Materials and methods 

In this study, the engine used 150 cc operated at an ignition timing of 12 bTDC and compression ratio of 11:1. The 
E50 injection volume is also varied by 1-2 times to the EO. It was intended so that the fuel could be applied to the 
existing motorcycle with a suitable injection volume without any adjustment to engine construction. The mass flow 
rate of the fuel will be calculated based on the time it takes to spend 25 mL of fuel. The engine speed varied from 
2000 to 8000 rpm with a water break dynamometer. The experiment is conducted on the wide-open throttle (WOT) 
so the test started at 8000 RPM of engine speed. The test engine specification (Table 1), properties of fuel (Table 
2), and all of the parameters in the experiment are measured based on the maximum brake torque as one of the 
strategies for improving engine performance [27]. Meanwhile, the engine test is set up as shown in Figure 1. 

2.1 Combustion reaction 

The combustion reaction equation for air and fuel mixture based on the compound was in the fuel and air. The type 
of fuel used is gasoline which in Indonesia is popularly called Benzin with the compound formula C8H15 and an 
octane number of 94. Meanwhile, the types of ethanol used are bioethanol from molasses with a water content of < 
0.5% and an octane number in a range of 109–119, and its compound formula is C2H5OH. There are a lot of 
bioethanol industries in Indonesia, for agriculture, health, cosmetics, and even fuel. One of them is PT. Powermax 
115 in Bandung-Indonesia. Assumed the airflow into the cylinder is dry air, so the combustion reaction is given [28]: 

𝑎𝑎𝐶𝐶8𝐻𝐻15 + 𝑏𝑏(𝑂𝑂2 + 3.76𝑁𝑁2) → 𝑥𝑥𝑥𝑥𝑂𝑂2 + 𝑦𝑦𝐻𝐻2𝑂𝑂 + 𝑧𝑧𝑁𝑁2 (1) 

𝑎𝑎𝐶𝐶2𝐻𝐻5𝑂𝑂𝑂𝑂 + 𝑏𝑏(𝑂𝑂2 + 3.76𝑁𝑁2) → 𝑥𝑥𝑥𝑥𝑂𝑂2 + 𝑦𝑦𝐻𝐻2𝑂𝑂 + 𝑧𝑧𝑁𝑁2 (2) 

The coefficient of reaction that is a, b, x, y, and z is obtained by equating the number of atoms of the reactant elements 
and the number of atoms of the product elements as a result of the combustion reaction. The mole fraction of the 
reactants and products in the combustion reaction equation of E50 is the proportional dividing of the mole fraction of 
each compound in the reactants and products of combustion of E100 and E0 (Nazzal et al., 2020). For instance, 36 
MJ/kg is a heating value of E50 obtained from the caloric values of E0 and E100, which are 42,4 MJ/kg and 29,6 
MJ/kg. Furthermore, the molecule weight of each substance will impact the flow rate of energy and exergy in the 
system [29]. 

2.2 Energy analysis 

Energy analysis is carried out with the following assumptions; (a) the engine speed (RPM) operated at a steady state, 
(b) the air is dry (without water vapor), (c) gas products of combustion are considered ideal gases, (d) the process 
takes place in an open system with To are 25oC and Po is 1 atm, (e) the kinetic energy and potential energy of the 
system are neglected, (f) the combustion process is complete combustion so that the combustion products produce 
only compounds of CO2, H2O, and N2. Based on the criteria the mass balance flow-rate equation in control volume 
on a steady state is given below [30-31]: 

�𝑚𝑚
•

𝑖𝑖𝑖𝑖
= �𝑚𝑚

•

𝑜𝑜𝑜𝑜𝑜𝑜
�
𝑘𝑘𝑘𝑘
𝑠𝑠
� (3) 

Table 1. Specification of the test engine 

Parameters Standard 
Engine type 4 Stroke, 4 Valve, 1 cyl. 

Bore 63.5 mm 
Stroke 47.2 mm 

Displacement 149.5 cc 
Compression ratio 11:1 

Ignition system Full transistorized 
Maximum power 12.5 kW/10000 rpm 
Maximum torque 13.1 Nm/8000 rpm 
Intake valve open 5o BTDC, lifting 1 mm 
Intake valve close 35o ABDC, lifting 1 mm 
Exh. valve open 35o BBDC, lifting 1 mm 
Exh. valve close 5o ATDC, lifting 1 mm 

Valve train Chain, DOHC 

where m
·

 is the mass flow rate of fluid (fuels, air, and combustion gases), which is subscript "𝑖𝑖𝑖𝑖"stands for the 
entrance substance and "𝑜𝑜𝑜𝑜𝑜𝑜" for exit substance of the system. Substance entrance into the control volume is fuel 
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and air, and the change in internal energy of fuel and air due to changes in cylinder pressure and volume will produce 
work and heat flow rate. Disregarding the kinetic energy and potential energy of the system, the energy balance 
equation in control under steady-state is [30-31]: 

�𝑢𝑢 + 𝑝𝑝𝑝𝑝 =
𝑄𝑄
𝑚𝑚
−
𝑊𝑊
𝑚𝑚
�
𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘
� (4a) 

�𝑚𝑚
•
ℎ = 𝑄𝑄

•
−𝑊𝑊

•
�
𝑘𝑘𝑘𝑘
𝑠𝑠
� (4b) 

or: 

�𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
•
ℎ𝑜𝑜𝑜𝑜𝑜𝑜 −�𝑚𝑚𝑖𝑖𝑖𝑖

•
ℎ𝑖𝑖𝑖𝑖 = 𝑄𝑄

•
−𝑊𝑊

•
�
𝑘𝑘𝑘𝑘
𝑠𝑠
� (4c) 

Table 2. Properties of fuels 

Fuel E0 E50 
Density, kg/m3 757.5 763.4 

RVP (at 37oC), kPa 103.4 51.4 
MON 88 88.1 
RON 94 103.2 

HHV, MJ/kg 44.2 33.34 
LHV, MJ/kg 44 33.72 

Distillation, oC oC oC 
Initial boiling point 42.1 329.2 

10 % 61.5 57.3 
50 % 102.3 75.1 
90 % 163.1 79.4 

End of boiling point 207.4 157.7 
where Q ̇is the net heat rate absorbed by the system, and W ̇ denotes the work rate for the system and the specific 
enthalpy of substances. Therefore, the value of the mass flow rate of the flue gases can be determined from the 
mass conservation law, ie [32]: 

𝑚𝑚
•
𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑚𝑚

•
𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑚𝑚

•
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (5) 

Then, the mass flow rate of fuel was obtained from the experiment, while the mass flow rate of air was calculated 
with the equation: 

𝑚𝑚
•
𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚

•
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (6) 

The AFR in equation 6 is an air-fuel ratio obtained from the equation below [33]: 

𝐴𝐴𝐴𝐴𝐴𝐴 =
4,76𝑏𝑏
𝑎𝑎

𝑥𝑥
𝑀𝑀𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎

𝑀𝑀𝑊𝑊𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 (7) 

where “a” and “b” are reaction coefficients of fuel and air respectively in equation 1-2, while “MW” is the molecule 
weight of air and fuel, where the AFR of gasoline is 14.6 and 8.99 for bioethanol. The quantity of fuel energy converted 
into workflow and heat flow both in the exhaust gas and energy loss to the environment, written by the formula below: 

𝐸𝐸
•
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑊𝑊

•
+ 𝑄𝑄

•
𝐸𝐸𝐸𝐸ℎ + 𝑄𝑄

•
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (8a) 

Detailed parameters in equation 8a are given below: 
- Fuel Energy 

𝐸𝐸
•
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑚𝑚

•
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (8b) 

- Brake power 

𝑊𝑊
•

=
2𝜋𝜋𝜋𝜋𝜋𝜋

60
�
𝑘𝑘𝑘𝑘
𝑠𝑠
� (9) 

where N is engine speed (RPM), 𝑇𝑇 is engine torque (Nm) 
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- Energy in exhaust gases 

𝑄𝑄
•
𝐸𝐸𝐸𝐸ℎ = �𝑚𝑚

•
𝑜𝑜𝑜𝑜𝑜𝑜𝑥𝑥𝑥𝑥ℎ = 𝑚𝑚

•
𝑔𝑔𝑔𝑔𝑔𝑔�ℎ𝐶𝐶𝑂𝑂2 + ℎ𝐻𝐻2𝑂𝑂 + ℎ𝑁𝑁2� �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (10) 

- Energy lost in the system 

𝑄𝑄
•
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝐸𝐸

•
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − �𝑊𝑊

•
+ 𝑄𝑄

•
𝐸𝐸𝐸𝐸ℎ� �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (11) 

Meanwhile, the engine performance is usually measured in 2 indicators, those are thermal efficiency and brake-
specific fuel consumption: 

- Thermal efficiency 

𝜂𝜂𝑡𝑡ℎ =
𝑊𝑊

•

𝐸𝐸
•
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 (12) 

- Brake specific fuel consumption 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
𝑚𝑚
•
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑊𝑊
• �

𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘. ℎ

� (13) 

2.3 Exergy analysis 

Assumptions in energy analysis are also used in exergy analysis so that by ignoring the potential and kinetic energy 
of the system, the exergy balance equation of volume control in a steady state is: 

�𝑚𝑚
•
𝑖𝑖𝑖𝑖𝜀𝜀𝑖𝑖𝑖𝑖 = �𝑚𝑚

•
𝑜𝑜𝑜𝑜𝑜𝑜𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐸𝐸

•
𝑋𝑋ℎ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐸𝐸

•
𝑋𝑋𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝐸𝐸

•
𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (14) 

where ∑𝑚𝑚
•
𝑖𝑖𝑖𝑖 𝜀𝜀𝑖𝑖𝑖𝑖 is the total mass flow rate and specific exergy of air and fuel entering the cylinder, ∑𝑚𝑚

•
𝑜𝑜𝑜𝑜𝑜𝑜 𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜  is the 

total mass flow rate and exergy specific of compounds in the exhaust gas (CO2, H2O, and N2), and 
•

heat
E X  is the 

exergy rate that accompanies heat transfer, and is calculated by the equation: 

𝐸𝐸
•
𝑋𝑋ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = ��1 −

𝑇𝑇𝑜𝑜
𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

� 𝐸𝐸
•
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (15) 

where, 𝑇𝑇𝑜𝑜 is reference temperature (298 K) and 𝑇𝑇𝑊𝑊 is engine coolant oil, while 𝐸𝐸
•
𝑋𝑋𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the exergy rate of air and 

fuel blend that is converted to brake power (Eq. 9), and 𝐸𝐸
•
𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is the algebraic sum of the incoming components 

minus the components leaving the system as a volume control. Furthermore, the specific exergy in form physics 
exergy that leaves the control volumes calculated by the equation below: 

𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 = 𝜀𝜀𝑝𝑝ℎ𝑦𝑦 = (ℎ𝑛𝑛 − ℎ𝑜𝑜) − 𝑇𝑇(𝑠𝑠𝑛𝑛 − 𝑠𝑠𝑜𝑜) �
𝑘𝑘𝑘𝑘
𝑠𝑠
� (16) 

where h and s are the specific enthalpy and entropy of each compound that leaves from control volume, subscript 
“n” is the compound's name from the reaction's product, and subscript “o” is the dead state of each substance. Then, 
Fuel exergy is obtained from the formula: 

𝐸𝐸
•
𝑋𝑋𝑖𝑖𝑖𝑖 = 𝑚𝑚

•
𝑓𝑓𝑥𝑥𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �

𝑘𝑘𝑘𝑘
𝑠𝑠
� (17) 

where 𝜀𝜀𝑓𝑓 is the fuel-specific exergy that is: 

𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙 �
𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘
� (18) 

and, 𝐿𝐿𝐿𝐿𝐿𝐿 is the caloric value of fuel, and ∅ is the liquid fuel chemical exergy factor, and its value is obtained from the 
equation [26, 31]: 

𝜙𝜙 = 1.0401 + 0.1728
ℎ
𝑐𝑐

+ 0.0432
𝑜𝑜
𝑐𝑐

+ 0.2169
𝑠𝑠
𝑐𝑐

(1.216901) (19) 

Where h, c, o, and s are the fuel's mass fraction of hydrogen, carbon, oxygen, and sulfur. Exhaust gas exergy consists 
of physic exergy (Eq. 16) and chemical exergy, so the Chemical exergy is given in the equation: 

𝜀𝜀𝑐𝑐ℎ𝑒𝑒𝑒𝑒 = 𝑅𝑅 �𝑙𝑙𝑙𝑙
𝑦𝑦𝑖𝑖
𝑦𝑦𝑜𝑜
� 𝑇𝑇𝑜𝑜 �

𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘
� (20) 
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where R  is the constant universal of ideal gas i.e. 8.314 kJ/kmol. K, 𝑇𝑇𝑜𝑜 is surrounding temperature as a reference, 
𝑦𝑦𝑖𝑖 is elements mole fraction in exhaust gas based on the temperature and pressure, and 𝑦𝑦𝑜𝑜 is elements mole fraction 
in exhaust gas based on the reference condition (dead state). Furthermore, the exergetic efficiency is expressed by 
the equation:  

𝜂𝜂𝜓𝜓 =
𝐸𝐸
•
𝑋𝑋𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐸𝐸
•
𝑋𝑋𝑖𝑖𝑖𝑖

 (21) 

3 Results and discussion 

3.1 Energy and exergy analysis of fuels 

This section will describe a comparison in the rate of energy and exergy of gasoline fuel (E0) and gasoline-bioethanol 
(E50) fuel blend both in quantity and visually in graphical form. Figures 2 and 3 show that the fuel's energy and 
exergy flow rate increase as the engine speed increases. It is caused by increased cylinder temperature and engine 
speed, so the atomization process on air and fuel blend could be better. Furthermore, the rate of energy and exergy 
produced in the combustion process will increase when the injection volume rises. It is contributed by the caloric 
value of the fuel measured in kilojoules per kilogram unit, so an increase in fuel injection volume will produce higher 
energy and exergy fuel. Figures 2 and 3 clearly show the difference in energy quantity of the fuel as measured by 
the first law of thermodynamics approach and the exergy quality of the fuel as measured by the second law of 
thermodynamics approach. 

 
Fig. 2. Energy rate of E0 and E50 in spark engines 

 
Fig. 3. Exergy rate of E0 and E50 in spark engines 

This result explains that the potential power of the fuel in the initial state is higher if calculated by exergy analysis 
compared to energy analysis [34]. It is caused by the exergy analysis of the fuel taking into account the chemical 
exergy factor of the fuel in which it explores the comparison of each fuel element as described in equation 19. 
Meanwhile, the fuel energy analysis only measures the mass flow rate of the fuel injected and is quantified in total 
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by the calorific value of the fuel. The fuel energy quantity obtained by energy analysis is 30.5 kW, while for exergy 
analysis is 41.6 kW. This result indicates that there is an energy improvement of 36.4% in exergy analysis if gasoline 
(E0) is applied. Furthermore, a similar trend on E50 combustion will obtain fuel energy of 45.8 kW in energy analysis 
and 61.9 kW in exergy analysis, or an increase of 35.2% for exergy analysis. In this case, the fuel energy of E50 is 
higher than E0 if the E50 injection is increased by 1.25 times greater than E0. 

3.2 Brake power 

The energy and exergy analysis for brake power uses the same approach as written in equation 9, and it depends 
on engine speed and engine torque. Figure 4 shows the comparison of the brake power between E0 and E50 in the 
spark ignition engine. The graph explains that the brake power tends to increase steadily with an increase in engine 
speed both for E0 and E50 fuel. It is due to an increase in the fuel injection volume as the engine speed increases, 
resulting in a higher brake power [35], as mentioned in the previous paragraph. Figure 4 confirms that increasing the 
fuel injection volume of the E50 will increase the engine's brake power, although after 7000 RPM tends to decrease. 
It is caused by friction in engine components that will increase as increase cylinder temperature and engine speed 
which has an impact on reducing brake power. 

 
Fig. 4. Brake power of E0 and E50 in spark engines 

 
Fig. 5. Exhaust gas energy rates of E0 and E50 in spark engine 

Figure 4 also shows that increasing the injection volume of E50 to 200% will cause a significant decrease in brake 
power. According to the data, the gasoline-bioethanol fuel blend (E50) will reach the same brake power as E0 when 
the E50 is injected at 125% or 1.25 times greater than the injection volume of gasoline (E0) without any adjustment 
on engine parameters. The experiment records that using E50 will produce a brake power of 6,31 kW on average, 
while a brake power of 6,35 kW will be generated when E0 is applied in the engine. 

3.3 Energy and exergy rate analysis of exhaust gases 

Figures 5 and 6 illustrate the energy and exergy rates of the exhaust gases in the spark ignition engine. The 
energy on the exhaust gas is an accumulation of the compounds in the exhaust gas, such as carbon dioxide (CO2), 
steam water (H2O), and nitrogen (N2), that are quantified together with the mass flow rate of exhaust gas and then 
calculated by equation 10. Figure 4 shows the trend of energy in exhaust gas that increases as the speed of the 
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engine, both for EO and E50 fuel, and it is followed by the trend of exergy rate in the exhaust gas. It indicates that 
the greater the energy potential of the fuel, the greater the energy potential that will be lost to the exhaust gases by 
considering the energy in brake power [36]. 

 
Fig. 6. Exhaust gas exergy rates of E0 and E50 in spark engine 

Figure 6 shows the exergy rate of E0 in the exhaust gas is higher than E50 at all injection volume variations, while in 
Figure 4, it can be seen that the energy rate of E0 in the exhaust gas is slightly lower than E50 at an injection volume 
of 200% of E0. Figure 6 also shows that the heat generated in the combustion of E0 is higher than E50. It is affected 
by the calorific value of E0 which is higher than E50, so the exergy potential that is lost in the flue gas is also higher. 
In the thermal power plant, to minimize heat loss, especially with an exergy analysis approach, a heat recycle process 
can be carried out so that the heat generated can be reused in the system. Minimum energy and exergy rates for 
E50 fuel obtained when fuel is injected equal to E0. Minimum energy and exergy rates for E50 fuel will be obtained 
when the injection volume of E50 is equal to E0. Meanwhile, the energy rate of E50 is relatively similar to E0 when 
the injection volume of E50 is 200% higher than E0.  
The study also records that the energy rate of E0 is 6,2 kW on average, while the energy minimum rate on exhaust 
gas for E50 is 4,0 kW on average when the injection volume is equal to E0. Furthermore, exergy analysis in flue gas 
at least considers 2 things, namely the accumulated amount of heat produced by the compounds of the flue gas and 
the production of entropy during the process so that the value is calculated by equation 16. Therefore, the exergy in 
the exhaust gas is lower than the energy as shown in Figures 5 and 6. Furthermore, the exergy rate of E0 in flue gas 
is 1,7 kW on average, while the minimum exergy of E50 is 0,6 kW on average when the injection volume of fuel is 
equal to gasoline (E0). 

 
Fig. 7. BSFC of E0 and E50 fuel in spark engines 

3.4 Analysis of Brake-Specific Fuel Consumption (BSFC) 

Brake-specific fuel consumption is a measure of the amount of energy mass flow of fuel in every hour needed to 
generate every 1 kW of engine shaft power as written in equation 13. This parameter showed an injection of fuel 
effectively into the combustion chamber for producing the brake power of 1 kW per hour. Figure 7 demonstrates the 
brake-specific fuel consumption that tends to decrease when engine speed increases, both E0 and E50 fuel. It 
indicates that the combustion process would be better when the engine speed increased which impacts on increasing 
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cylinder temperature. The heat in the cylinder is utilized to improve fuel vapor pressure so the atomization and 
injection process is easy. An increase in engine speed will produce a homogeneous air and fuel blend so combustion 
efficiency increases, and it has an impact on engine performance. This condition is very required for low Reid vapor 
pressure fuel such as bioethanol [37]. 
Based on the explanation above, Figure 6 shows the BSFC of E0 and E50 on the injection volume variation, which 
is BSFC of E0 lower than E50. It is due to the combustion process of gasoline being better than E50, particularly in 
the atomization process, so the specific fuel consumption of E0 decreases an increase in engine speed. The heating 
value and vapor pressure of E0 are higher than E50, and even the density and viscosity of E0 lower than E50 also 
contribute to reducing the BSFC of gasoline. Figure 6 also shows that the BSFC of E50 and E0 is similar, especially 
in engine speeds higher than 6000 RPM and on injection volume of 125%. The experiment also records that the 
BSFC of E50 tends to decrease steadily on injection volume from 1.75 up to 1.25 and starts to rise when the injection 
volume of E50 is equal to or twice the injection volume of gasoline. The study results reveal that the BSFC of E0 is 
0.25 kg/kW-hr on average, while 0.40 kg/kW-hr for E50 is obtained on an injection volume of 1.25 times that of 
gasoline. 

3.5 Heat energy transfer rate, heat exergy transfer rate, and exergy destruction 

The energy transfer rate describes the quantity of heat generated from the combustion process that exits through the 
cylinder walls and cooling water and is wasted into the environment, and usually identified as energy loss as written 
in equation 11. The heat energy and exergy transfer rate as well as exergy destruction of engines have conversely 
trended with the BSFC of engines, as shown in Figures 8, 9, and 10. Figure 8 shows the heat energy transfer rate of 
E0 and E50 fuel that increases with the increase of engine speed. Furthermore, the heat energy transfer rate 
increases when the injection volume increases both for E0 and E50. This makes sense because the greater the mass 
flow rate of the fuel, the greater the potential energy loss under the same combustion conditions [38]. The minimum 
heat energy transfer rate of E50 is 22.680 MJ per hour or 6.3 kW on average, while gasoline fuel is 14.760 MJ per 
hour or 4.1 kW, and 35% lower than E50 on average.  

 
Fig. 8. Rate of energy loss of E0 and E50 in spark engines 

 
Fig. 9. Rate of exergy transfer of E0 and E50 in spark engines 
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Figure 9 is similar to Figure 8, although different in quantity due to the heat exergy transfer rate to the environment 
being lower than the heat energy transfer rate, as shown in Figure 8. It is due to the transfer of heat energy in the 
analysis of the 1st law of thermodynamics must be reduced by the entropy rate in the process based on the 2nd law 
of thermodynamics and described through the differentiation between wall temperature and environmental 
temperature as a reference temperature and written in equation 15. The experiment result has noted that the heat 
exergy transfer rate to the environment for gasoline fuel is 6.12 MJ per hour or 1.7 kW and 4.68 MJ per hour or 1.3 
kW, and it is obtained when the injection volume of E50 is 125% higher than gasoline. 
Figure 10 shows the exergy destruction of E0 and E50 in the spark ignition engine under varying injection volumes 
for E50 fuel. Exergy destruction is degraded energy quantity in the thermal plant as unuseful energy and thrown to 
the environment due to the irreversible process and it is calculated according to equation 14. Figure 10 shows that 
the exergy destruction increases with an increase in engine speed and injection volume of E50. It is due to the 
temperature differentiation between the system and surrounding increase with an increase in the cylinder 
temperature, so the condition is a trigger in producing higher exergy destruction. The exergy destruction trend shows 
a similar trend to the heat energy and exergy transfer rate. It is evidence that exergy destruction has a linear 
correlation to heat energy and exergy transfer rate. 

 
Fig. 10. Rate of exergy destruction of E0 and E50 in spark engine 

The irreversible nature of a thermal process, and it is occurring spontaneously is the cause of increased entropy 
production of the system. So, to improve the thermal generation system, it is necessary to apply tools or components 
that can withstand the rate of heat leaving the system or to utilize the heat in a multi-stage and sustainable [39]. The 
exergy destruction quantities in this study were 13.7 kW and 14.9 kW on average for E0 and E50, respectively. The 
minimum exergy destruction of E50 is obtained when the injection volume of fuel is 125% higher than gasoline. 

 
Fig. 11. The energy efficiency of E0 and E50 in spark engines 

3.6 The energy and exergy efficiency 

Figures 11 and 12 describe the quantity of fuel energy and exergy converted into useful energy and exergy in the 
form of brake power, both for E0 and E50 in spark ignition engines. Fuel energy has a similar trend with fuel exergy 
when the fuel is changed into the mechanics’ power, and reaches the maximum efficiency when the engine runs at 
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6000 RPM. The study results show both energy and exergy efficiency decrease with an increase in injection volumes 
of E50 fuel, and the minimum energy and exergy efficiency is obtained when the injection volume for both fuels is 
equal i.e. 100%.  

 
Fig. 12. The exergy efficiency of E0 and E50 in spark engines 

Figures 11 and 12 also show that the quantity of fuel energy converted to the brake power for gasoline is higher than 
the bioethanol-gasoline blend. It is due to the enthalpy of E50 higher than E0 especially at a high speed of an engine, 
so the potentiality of exergy destruction is higher as an impact of wide temperature differentiation between the cylinder 
and the environment. This condition causes the energy and exergy efficiency for E50 fuel to be lower than E0. 
Moreover, in many research, the exergy efficiency is always lower than the energy efficiency [21, 27, 40]. Based on 
the data, it was found that the average maximum energy efficiency for E0 was 36.9%, and the maximum exergy 
efficiency was 27.0%. Meanwhile, the maximum energy efficiency of 32.2% and maximum exergy efficiency of 23.9% 
for E50, and obtained on an injection volume of 125%. 

4 Conclusion 

The study results show the differences in the quantity and quality of energy measured using the first law of 
thermodynamics and the second law of thermodynamics approaches from a thermal generation process. The energy 
and exergy potential of E50 fuel is higher than gasoline fuel (E0) when E50 is injected 1.25 times higher than E0. 
The drawback in the calorific value of E50 compared to E0 can be replaced by increasing the injection volume of E50 
fuel by 25% to produce engine performance that is almost the same as gasoline. This study also shows that using 
E50 fuel at an injection volume of 1.25 will increase energy and fuel exergy by 48.5% - 50% compared to E0 fuel. 
Furthermore, the brake power of the E50 at 125% injection volume is higher than that of the E0, while the brake-
specific fuel consumption of the E0 is slightly less than that of the E50. 
The rate of energy and exergy that comes out through the exhaust gas for gasoline fuel is higher than for E50 fuel. 
Meanwhile, injecting 125% more E50 fuel than gasoline will reduce the energy released to the exhaust gas by 35% 
from 6.2 kW to 4.0 kW. Furthermore, there will be a reduction in exergy in the exhaust gas by 65% from 1.7 kW to 
0.6 kW. Meanwhile, the energy and exergy losses due to the heat transfer process for E50 fuel are higher than those 
for E0. However, the energy and exergy loss in the exhaust gas will be relatively the same as E0 if E50 fuel is injected 
by 125% from E0 fuel. 
The energy degradation in the combustion process of gasoline and E50 fuel increases with increasing engine speed 
for gasoline and injection volume for E50 fuel. However, the exergy destruction of E50 fuel will decrease and produce 
a value that is relatively the same as E0 if the injection volume of E50 fuel is 25% higher than gasoline fuel. The 
system's irreversible process, it is known that the exergy degradation for E0 fuel is 13.7 kW or 33% of the exergy 
potential for E0 fuel which is 41.6 kW. Meanwhile, E50 fuel produces an exergy destruction of 14.9 kW or 24% of the 
exergy potential of E50 fuel, which is 61.9 kW if injected as much as 25% more than E0 fuel. The useful energy in 
the thermal process using the first law of thermodynamics approach averages only around 30–40% when using the 
second law of thermodynamics, the value ranges from 20–30% as described in energy efficiency and energetic 
systems. 
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