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General Introduction 

 a. Motivation and Objective 

The internal combustion engine is the primary power source in most vehicles, driving their 

movement through the combustion of fuel.It functions by igniting fuel within its chambers to 

generate the energy required for motion. This innovation has significantly advanced transportation, 

offering a more efficient means of travel.The advancement of energy systems, especially in 

industrial contexts, demands the enhancement of mechanisms to improve efficiency based on 

fundamental thermodynamic principles. The major goal is to minimize inherent inefficiencies in 

how processes and changes occur. Exergy analysis emerges as a critical tool for facilitating 

thorough thermodynamic assessments, thereby fostering a more profound comprehension of energy 

utilization and optimization strategies. Additionally, the design and structure of internal combustion 

engines are influenced by thermodynamic inefficiencies. By understanding and addressing these 

inefficiencies, it is possible to improve engine performance and efficiency, which has significant 

implications not only for automotive engineering but also for the environment and fulfilling 

consumer needs. 

 b. Literature Survey 

Throughout the years, numerous studies have investigated various aspects of internal 

combustion engines (ICEs), focusing on enhancing efficiency and reducing emissions through 

advanced computational and experimental methods. Gheraissa (2021) conducted a numerical study 

on the global combustion parameters of multiple fuels, including Algerian biogas, CH4, C3H8, H2, 

natural gas, and diesel. The study used computational fluid dynamics (CFD) to analyze non-

premixed combustion in a cylindrical burner. It was found that Algerian biogas and hydrogen 

exhibited superior characteristics in terms of mixture quality, combustion energy efficiency, and 

low pollutant emissions (CO and NO) compared to other fuels[1]. Attia (2017) simulated the non-

premixed combustion of methane and propane using CFD to find aero-thermo-chemical 

characteristics like temperature, axial velocity, and CO mass fraction. The study aimed at reducing 

CO emissions and found that methane combustion produced lower CO levels compared to 

propane[2].  Ozyalcin et al. (2024) explored the use of selective catalytic reduction (SCR) to 

minimize NOX emissions from hydrogen-fueled ICEs. The study compared copper-zeolite and 

vanadium-based SCR catalysts, finding that a combination of both could achieve high efficiency 

and low secondary emissions, making hydrogen engines a viable zero-impact emission 

alternative[3]. Wang et al. (2023) optimized the design of a direct injection turbocharged hydrogen 

ICE. Using a combination of one-dimensional modeling and bench testing, the study achieved a 

peak power of 133 kW and maximum torque of 339 N⋅m. The optimized engine demonstrated high 

thermal efficiency and could guide future H2ICE development[4]. Gammaidoni et al. (2024) 

investigated the effect of injection timing on a single-cylinder SI hydrogen engine using CFD 
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simulations. The study found that port-fuel injection (PFI) provided higher combustion efficiency at 

lean air-fuel ratios compared to direct injection (DI). Advancing the start of injection timing 

improved combustion stability and efficiency[5]. Sfriso et al. (2024) proposed a numerical 

methodology for 3D-CFD simulations of hydrogen-fueled ICEs. The study validated the predictive 

capabilities of the model against experimental data, paving the way for future research on emission 

modeling and engine optimization[6]. Xin et al (2024) examined the impact of direct ethanol 

injection on port-injected hydrogen engines. Their results indicated that ethanol addition reduced 

NOx emissions and improved the engine's performance, although it increased hydrocarbon 

emissions slightly[7]. Algayyim et al. (2024) provided a comprehensive review of natural gas and 

hydrogen properties and their impact on ICE performance and emissions. The study highlighted the 

benefits of hydrogen in reducing fuel consumption and toxic emissions, despite challenges in its 

direct use in diesel engines[8]. Luet al. (2024) studied hydrogen injection strategies to improve 

combustion and reduce NO emissions in pure hydrogen engines. The study found that hydrogen 

direct injection, combined with lean burn technology, enhanced engine performance and met 

stringent emission standards[9]. Jayaprabakar et al. (2024) reviewed current developments in 

hydrogen-enriched fueling for ICEs. The review covered hydrogen production technologies, 

injection systems, and the performance and emission characteristics of hydrogen-enriched engines, 

emphasizing the need for further research to optimize these systems[10]. Abubakar (2024) 

conducted a bibliometric analysis of research trends in hydrogen-fueled ICEs. The analysis 

identified key research areas and challenges, such as NOx emissions and engine efficiency, and 

suggested future research directions to address these issues[11]. These studies collectively highlight 

the significant progress in understanding and optimizing internal combustion engines, particularly 

with the use of hydrogen and other alternative fuels. The findings underscore the importance of 

computational modeling, experimental validation, and innovative fuel strategies in advancing 

engine technology for better performance and lower emissions. 

In addition, many works have explored the foundational methodologies for deriving entropy 

generation equations, aiming to simplify them into forms comprising essential variables such as 

velocity, temperature, and mass fraction. An example can be found in the utilization of theoretical 

models and technical processes to reduce energy losses and optimize power output in energy 

systems. Bouras&Khaldi (2016) focused on entropy generation in gaseous combustion processes. 

Their study analyzed the effects of various factors such as viscosity friction, thermal diffusion, 

species diffusion, and chemical reactions on the entropy generation rate at different inlet 

temperatures of air and CH4. This comprehensive analysis helps in understanding the impact of 

each factor on the overall system's efficiency[12]. Bouraset al (2018) performed an energy and 

exergy analysis of carbon-based fuels compared to hydrogen fuel in a cylindrical combustion 

chamber. The analysis indicated that hydrogen was the optimal fuel for the given configuration, 

providing superior performance and efficiency[13]. Gheraissaet al (2024) investigated an energy 

and exergy analysis of various fuels under the same conditions. The study used numerical methods, 

including a turbulent dynamic k-ϵ model and a probability density function (PDF) approach. The 

First and Second Laws of thermodynamics were applied to determine energy loss, exergy 
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destruction, and their efficiencies for each fuel. Additionally, the study examined the effects of 

varying the air factor, air inlet temperature, and fuel inlet temperature affects combustion 

performance and energy losses. The results showed that using a fuel-air mixture with a λ value 

greater than 1 improves combustion performance. Preheating the air going into the system had a 

positive impact on energy parameters, but preheating the fuel did not significantly improve 

efficiency or reduce losses. Biogas was found to have the highest energy efficiency at 89.64%, 

while hydrogen had the highest exergy efficiency at 78.70%, followed by biogas at 74.96%[14]. 

 c. Objective of This Study 

The objective of this study is to conduct a comprehensive energy and exergy analysis on 

internal combustion engines supplied with different fuels. By evaluating the performance, 

combustion characteristics, and emissions of various fuels, this study aims to identify optimal fuel 

choices that maximize efficiency while minimizing environmental impact. Through detailed energy 

and exergy analysis, we seek to advance the understanding of fuel dynamics in combustion 

processes, contributing to the development of more sustainable and efficient internal combustion 

engines. 

 d. Accomplishments 

o Chapter I 

In this chapter, we dive into the general aspects of internal combustion engines. First, we 

provide a historical overview, tracing the evolution of engine technology from its early beginnings 

to the latest innovations. Next, we describe the main components of an internal combustion engine, 

such as the cylinder, piston, and crankshaft, and explain how each part contributes to the engine's 

operation. Additionally, we explore the combustion process in detail, covering the stages of fuel 

injection, ignition, and how these steps result in power generation. 

o Chapter II 

In the second chapter, we focus on the thermodynamics of combustion. We discuss the 

theoretical frameworks for energy and exergy analysis in combustion processes, providing detailed 

explanations of these methods. This includes the derivation of key equations and the assumptions 

behind the models used. The chapter also presents the final set of governing equations for energy 

and exergy analyses, defining each term that influences the combustion system. This theoretical 

groundwork prepares us to apply these concepts to our specific study in the later chapters. 

o Chapter III 

In the final chapter, we present the results of our energy and exergy analysis of the internal 

combustion engine. We focus on how the inlet parameters (such as air and fuel preheating) affect 

the energy and exergy results. The influence of the air-fuel ratio on the combustion process is also 
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examined. This chapter concludes by summarizing the key insights from our analysis and offering 

recommendations for optimizing internal combustion engines to enhance performance and reduce 

environmental impact. 

This structure ensures a coherent flow from the introduction and general background to 

specific analyses and results, culminating in a discussion of findings and their practical 

implications. 
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CHAPTER I 

Overview of Internal Combustion Engine 

This chapter offers a historical overview of automotive engines, exploring the evolution of car 

engines and the diverse range of fuels that power them. It also outlines the various types of 

automotive engines and fuels. The focus is on internal combustion engines, delving into their 

components and systems to unravel their intricate workings and functionalities. Additionally, the 

operational principles of internal combustion engines are illustrated to simplify understanding and 

enhance accessibility.  

I.1. Historical Overview 

The internal combustion engine (ICE) is the main power source for modern cars and has 

changed a lot since it was first invented. This historical overview highlights how this important 

technology has developed, using information from main references[15–19]. 

The beginning of the internal combustion engine (ICE) era was in 1807 when Swiss engineer 

François Isaac de Rivaz built an engine powered by hydrogen and oxygen, marking a significant 

milestone in engine development. In 1826, English inventor Samuel Brown made progress by using 

a hydrogen-fueled ICE to power a vehicle, demonstrating early advancements in automotive 

technology. By 1860, Belgian engineer Jean-Joseph Lenoir had created a gasoline-powered spark-

ignition engine, which set the stage for the emergence of modern engines and paved the way for 

future innovations. In 1876, Nicolaus Otto and Eugen Langen developed the four-stroke engine, a 

groundbreaking invention that became the basis for modern ICEs, contributing to the evolution of 

automotive engineering. The first modern car was made in 1886 by Karl Benz, who built a 

gasoline-powered automobile, revolutionizing personal transportation. A year later, Gottlieb 

Daimler made a similar vehicle independently, further advancing automotive technology[15,16,19]. 

The 20th century marked a period of significant advancements in automotive technology. In 

1897, Rudolf Diesel introduced the diesel engine, offering improved efficiency and torque 

compared to gasoline engines, thereby reshaping the landscape of automotive powertrains. Charles 

Kettering's development of the electric starter in 1909 represented a significant leap forward, 

eliminating the need for manual hand cranking and enhancing the convenience and accessibility of 

automobiles. Subsequent decades witnessed the emergence of electronic fuel injection (EFI) during 

the 1950s and 1960s, a transformative technology that enhanced engine control, leading to 

improved fuel efficiency and reduced emissions. Additionally, the 1970s witnessed the widespread 

adoption of catalytic converters, playing a crucial role in mitigating harmful exhaust emissions and 

contributing to cleaner air quality[16–18]. 
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In the 1980s and 1990s, the pursuit of sustainability and the search for alternative power 

sources gained momentum with the development of hybrid electric vehicles (HEVs) and electric 

vehicles (EVs), offering cleaner and more efficient options compared to traditional internal 

combustion engines (ICEs). These advancements represented a significant shift towards greener 

transportation solutions, driven by growing environmental concerns and the need for energy 

independence. As we entered the 21st century, further progress in battery technology and the 

implementation of government incentives have accelerated the adoption of HEVs and EVs, making 

them increasingly viable alternatives for environmentally conscious consumers[16–19]. 

In the coming years, internal combustion engines (ICEs) are expected to continue evolving as 

they incorporate advancements in electrification, hybridization, and alternative fuels[15–19]. These 

changes will shape the future of mobility alongside emerging alternative powertrains, influencing 

the automotive industry's direction. As we move towards more sustainable transportation, ICEs will 

adapt and coexist with various propulsion technologies, driving innovation in the field. 

I.2. Types Of Automotive Engines 

The car engine stands as the heart of any vehicle, serving as the primary source of energy to 

propel the vehicle's wheels. For many drivers, understanding the intricacies of various car engine 

types remains a challenge, yet it remains a pivotal aspect of automotive technology. Traditionally, 

car engines were predominantly associated with internal combustion, igniting fuel like diesel or 

gasoline to generate power. However, with the advent of hybrid and electric vehicles, 

comprehending modern engine operations requires a broader scope of knowledge[20,21]. 

Functionally, a car engine operates as the core mechanism responsible for propelling the 

vehicle forward. It orchestrates a sophisticated interaction of components to convert energy into 

motion. For example, consider the gasoline engine, which functions by internally combusting fuel 

ignited through an electric spark generated by a spark plug. Structurally, a gasoline engine is 

composed of two primary groups of components: fixed and moving parts. The fixed elements 

include the cylinder cover, cylinder block, oil sump, intake, and exhaust manifold, while the 

moving parts comprise pistons, connecting rods, valves, camshafts, timing gears, and crankshaft 

[20,21]. 

In essence, modern automobile engines can be comprehended more readily when categorized 

into three fundamental types[21,22]: 

1. Internal Combustion Engines: These engines facilitate combustion within the cylinder, 

converting fuel into kinetic energy. 

2. Electric Motors: Employed predominantly in electric cars, electric motors rely on electrical 

energy to generate motion. 
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3. Hybrid Engines: Combining elements of internal combustion engines with electric motors, 

hybrid engines represent a fusion of traditional and contemporary propulsion technologies. 

I.3. Types of Automotive Fuels 

The use of automobile fuel traces back to the late nineteenth century when steam was 

predominantly used as the primary fuel for the earliest cars. As the twentieth century began, 

internal combustion engines emerged, and gasoline and diesel became the predominant fuels. With 

technological advancements and growing environmental concerns, hybrid technology and electric 

vehicles have emerged, gradually capturing a portion of the automobile market[23]. 

There are various types of automobile fuels used worldwide. Gasoline stands out due to its 

popularity and widespread use across different vehicle types. Diesel, on the other hand, is 

commonly used in larger vehicles such as trucks and buses. Additionally, clean alternative fuels 

like biodiesel, ethanol, and compressed natural gas are utilized to mitigate environmental impacts. 

Hydrogen, which only produces water when burned, holds promise as a future fuel. Developments 

in the automobile fuel industry aim to maximize efficiency, reduce harmful emissions, and promote 

sustainability. The following table summarizes the most popular types of automobile fuels[23,24]: 

Table 1 The features of the most popular types of automobile fuels and their uses. 

FUEL TYPE FEATURES USES 

Gasoline 
Available in different octane ratings; suitable for 

various internal combustion engines. 

Used in cars, motorcycles, boats, 

lawnmowers, and machinery. 

Diesel 
Produces fewer carbon emissions than gasoline; 

preferred for trucks, buses, and heavy equipment. 

Operates larger vehicles and heavy 

machinery. 

Biodiesel 

Consists of organic compounds; emits minimal 

carbon emissions; used as an environmentally 

friendly biofuel. 

Powers vehicles using biodiesel 

without engine modifications. 

Ethanol 
Derived from natural products; may work in 

newer car models designed for 100% ethanol. 

Enhances gasoline to reduce 

emissions and increase efficiency. 

Compressed natural gas 

Clean fuel with minimal odor; environmentally 

friendly option for vehicles powered by 

compressed natural gas. 

Operates vehicles designed for 

compressed natural gas. 

Liquefied Petroleum Gas 

Clean fuel option with low carbon emissions; 

alternative to petrol and diesel for LPG-powered 

vehicles. 

Operates vehicles specifically 

designed for liquefied petroleum gas. 

Hydrogen 

Renewable fuel producing only water when 

burned; used in fuel cell vehicles powered by 

hydrogen. 

Operates vehicles with fuel cell 

technology, utilizing hydrogen to 

generate electricity. 
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I.4. Internal Combustion Engines (ICEs) 

An internal combustion engine (ICE) is a type of heat engine where fuel burns with an 

oxidizer (usually air) inside a combustion chamber(Figure 1). This process involves four main 

steps: intake, compression, combustion (power), and exhaust. During combustion, the fuel-air 

mixture ignites—either by a spark plug in spark-ignition engines or by the heat of compressed air in 

compression-ignition engines—creating high-pressure gases that push the pistons. These pistons are 

connected to a crankshaft, converting their linear motion into rotational motion to do mechanical 

work. This mechanism powers a wide variety of machines and vehicles. Over the years, significant 

advancements such as turbocharging, direct fuel injection, and the use of advanced materials have 

been made to enhance the efficiency, power output, and environmental impact of internal 

combustion engines[21,25,26]. 

 

Figure 1 An internal combustion engine [57] 

In automotive, internal combustion engines (ICEs) play a pivotal role in propelling vehicles. 

The combustion process inside these engines produces high-pressure gases that move pistons, 

which then rotate the crankshaft to drive the vehicle's wheels. ICEsin cars engines come in two 
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main types: spark-ignition engines and compression-ignition engines. Spark-ignition engines, 

typically used in gasoline-powered vehicles, employ an electric spark to ignite the fuel-air mixture 

inside the combustion chamber (Figure 2). On the other hand, compression-ignition engines, also 

known as diesel engines, rely on the heat generated by compressing air within the combustion 

chamber to ignite the fuel(Figure 3). Each type has its own features and applications in the 

automotive world[21]. 

 

Figure 2 The spark-ignition engines (Gasoline Vehicle) [58] 

 

Figure 3 The compression-ignition engines (Diesel Vehicle) [58] 

The widespread use of ICEs in cars is due to their high energy density and established fueling 

infrastructure, making them efficient and powerful for automotive applications. Although electric 
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vehicles are becoming more popular, ICEs continue to dominate because of their proven technology 

and ongoing advancements aimed at enhancing efficiency and reducing emissions[26]. 

I.4.1. ComponentsofICEngines 

The internal combustion engine in cars operates by burning fuel within a specialized chamber 

known as the combustion chamber to generate kinetic energy. This engine consists of various 

components that can be categorized into two main types: fixed components and moving 

components [25–28] 

 e. Fixed Components: 

o Cylinder Block: The cylinder block serves as the fundamental component of the 

engine, providing the chamber for fuel combustion and guiding piston movement to 

regulate pressure on the exhaust resulting from fuel combustion. Typically, it is 

crafted from high-quality cast iron through casting methods to ensure durability under 

high pressure and temperature conditions. 

o Cylinder Head Cover: Positioned atop the engine cylinder, the cylinder head cover is a 

detachable lid that seals the cylinder block, preventing gas ingress and egress. 

o Spark Plug: A spark plug is employed to initiate the combustion process within the 

combustion chamber by creating a spark, which ignites the fuel-air mixture. 

o Crankcase: Serving as the primary framework of the engine, the crankcase 

accommodates the cylinder, crankshaft, and piston assembly, with engine oil utilized 

for cooling purposes. 

o Fuel Injector: Responsible for injecting fuel into the combustion chamber under 

extreme pressure, the fuel injector aids in the efficient mixing of fuel with air. 
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Figure 4 The  Fixed Components of IC engine[59] 

 f. Moving Components: 

o Piston: Located within the cylinder, the piston moves reciprocally to transmit power 

via the connecting rod. 

o ConnectingRod: Connecting the piston to the crankshaft, the connecting rod converts 

the reciprocating motion of the piston into rotational motion. 

 

Figure 5 Engine Pistons and Connecting Rods[59] 

o Crankshaft: The crankshaft receives motion from the connecting rod and converts it 

into rotational energy. 
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Figure 6 Engine Crankshaft [60] 

o Valves: Typically, each cylinder within the engine contains two valves: one for 

regulating fuel and air intake and the other for managing the exhaust gases resulting 

from the combustion process. 

 

Figure 7 Engine Valves[61] 

o EngineBearings: Engine bearings are situated between moving components such as 

the connecting rod, piston, and crankshaft to reduce friction during operation. 
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Figure 8Engine Bearings [61] 

I.4.2. Combustion System in IC Engines 

The combustion system in internal combustion engines encompasses several crucial 

subsystems that facilitate engine operation and efficiency. These subsystems, often referred to as 

systems, consist of various components working in tandem to execute specific functions essential 

for engine performance. 

 a. Cooling System: 

The cooling system is crucial for regulating the engine's temperature, ensuring it remains 

within optimal operating conditions. By dissipating excess heat generated during the combustion 

process, this system facilitates efficient engine performance. While older vehicles commonly 

feature traditional air-cooled systems, utilizing finned surfaces to enhance heat dissipation, modern 

vehicles predominantly employ liquid cooling systems (Figure 9). In these systems, components 

such as the thermostat, water pump, radiator cap, upper radiator hose, radiator, and lower radiator 

hose work synergistically to circulate coolant through channels, effectively absorbing and 

dissipating heat[27]. 
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Figure 9The cooling system in IC engine[62] 

 b. Lubrication System: 

Friction between engine components can lead to wear and damage, necessitating effective 

lubrication systems, minimizing friction between engine parts. Engine oil plays a dual role[25,27]:  

 Friction Reduction: A thin film of oil separates moving components, reducing friction and 

wear. 

 Cooling: Oil circulation helps absorb heat generated by friction, contributing to overall 

engine temperature control. 

The lubrication system comprises several key components (Figure 10), including the oil 

pump, oil filter, and oil pan (sump). These components work together to ensure efficient oil 

distribution and filtration throughout the engine. There are two main lubrication methods[27]: 

 Splash Lubrication: This simpler method, used in older or smaller engines, relies on the 

crankshaft to splash oil onto engine parts, such as the camshaft, valve rocker, push rod, 

tappet, crankshaft, connecting rod bearing, big-end bearing, and oil pan (sump), as it 

rotates. 

 Pressure Lubrication: Modern engines employ an oil pump that pressurizes and 

distributes oil throughout the engine. The oil is pumped through the oil filter to remove 

impurities, and then it circulates under pressure to lubricate critical components, such as 

the cam, cylinder, feed to the main bearings, crankshaft bearings, and drifts. This ensures 

proper lubrication and cooling of all critical engine components. 
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Figure 10 The Lubrication System in IC engine[63] 

 c. Ignition System: 

The ignition system, comprising components like spark plugs, plays a pivotal role in initiating 

combustion within engine cylinders. This system generates high-voltage electric sparks, igniting the 

air-fuel mixture to ensure efficient engine operation across various speeds and loads (Figure 11). 

Modern ignition systems have evolved significantly, incorporating elements such as the battery 

earth strap to bodywork, ignition warning light, negative terminal battery, positive terminal, starter 

solenoid, ignition switch, alternator, and multi-connector plug. These advancements achieve high 

efficiency and precise timing, thereby enhancing combustion performance and overall engine 

reliability [21,25,26]. 

 

Figure 11The ignition system in IC engine [64] 
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 d. Fuel System: 

   Fuel systems deliver the required air-fuel mixture to engine cylinders, maintaining the 

appropriate fuel-to-air ratio for combustion. Different fuel systems, such as carburetors in 

traditional vehicles and fuel injection systems in modern cars, cater to varying engine requirements 

and fuel types, including gasoline and diesel[28]. 

 e. Starting System: 

The starting system, centered around the starter motor, initiates engine operation by engaging 

the starter gear with the flywheel gear. Key components of this system include the starter circuit, 

battery, ignition switch, starter safety switch, control circuit, solenoid, and starter motor (Figure 

12). When the ignition switch is turned on, it activates the control circuit, which in turn engages the 

solenoid. This engagement allows current to flow from the battery to the starter motor, causing it to 

crank the engine and initiate combustion. This coordinated action ensures a smooth and efficient 

engine startup[21,26]. 

 

Figure 12 The starting system in IC engine[65] 

 f. Generation and Charging System: 

The generation and charging system ensures a continuous supply of electrical power to 

various vehicle components by converting mechanical energy from the engine into electrical 

energy. This system includes the alternator, voltage regulator, battery, and starter motor, along with 

components such as the main fuse block, accessory fuse block, battery terminal, battery cable, 

charge indicator, and alternator drive belt (Figure 13). The alternator generates electricity, which 

charges the battery and powers the vehicle’s electrical systems and accessories. The voltage 

regulator maintains consistent voltage levels, while the battery stores energy and powers the starter 

motor to initiate engine operation. This integrated system ensures the vehicle's electrical needs are 

met efficiently [26,27]. 
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Figure 13    The generation and charging system in IC engine [66] 

These subsystems collectively contribute to the efficient operation and performance of 

internal combustion engines, underscoring their significance in automotive engineering. 

I.4.3. Operating Principle of ICEngines 

The operation of internal combustion (IC) engines is based on the combustion of a fuel-air 

mixture within a combustion chamber, generating energy that is converted into kinetic energy to 

power the engine and subsequently move the vehicle. The operation of an IC engine can be divided 

into four main steps (Figure 14)[25–28]: 

o Intake Stroke: The cycle begins with the piston moving from its highest point (top dead 

center) to its lowest point (bottom dead center). During this movement, the intake valve 

opens, allowing a mixture of air and fuel to enter the combustion chamber. Even a small 

volume of fuel can be sufficient to cause combustion due to its energy content. 

o Compression Stroke: The piston then moves upward, compressing the air-fuel mixture. 

This compression increases the mixture's temperature and pressure, enhancing the 

efficiency of the combustion process. 

o Power Stroke: At the top of the compression stroke, the spark plug ignites the compressed 

air-fuel mixture (in spark-ignition engines), causing it to combust. This combustion 

generates a rapid increase in temperature and pressure, producing a high-energy force that 

pushes the piston downward, generating mechanical work. 
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o Exhaust Stroke: Finally, the piston moves back up to its highest point, and the exhaust 

valve opens. This allows the combustion products (exhaust gases) to be expelled from the 

combustion chamber. The cycle then repeats with the intake of a new air-fuel mixture. 

 

Figure 14 The operation of internal combustion engines [67] 

These steps collectively enable the engine to convert chemical energy from the fuel into 

mechanical energy, propelling the vehicle. 

I.4.4 Types of Hydrogen Tanks  

There are five types of gas tanks that can be used for both stationary and mobile applications 

to store hydrogen. 

Type 1 

This is the most common gas tank, which is a simple cylinder made of steel. The operating 

pressure is from 200 to 300 bar, and it is typically used for industrial applications. The density of 

such a type 1 storage is around 15 grams per liter. 

Type 2 

This type of tank is an improvement over type 1, as it has additional fiberglass reinforcement 

on the outside, which increases its stability and allows gas storage at a higher pressure. The 

operating pressure for this tank is typically 100 to 500 bars, and it is mainly used in industrial 

applications. The density of hydrogen in a type 2 tank is around 20 grams per liter. 

Type 3 

This is where the interesting tanks for hydrogen begin. The inner liner of this tank is made of 

aluminum, and it is often found in vehicles. Type 3 tanks can store hydrogen at pressures up to 350 

bar, and the typical density is 25 grams per liter. 
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Type 4 

This type of tank is a further development of the type 3 tank, with a plastic bladder inside to 

seal off the hydrogen. This allows for greater expansion than the aluminum liner and enables the 

tank to contain a higher pressure of hydrogen, leading to a higher density, typically around 40 

grams per liter at an operating pressure of up to 875 bar. Type 4 tanks are commonly used in the 

passenger car and heavy-duty commercial vehicle sectors. 

Type 5 

This is the most exotic type of hydrogen storage tank and has no inside bladder, polyamide, or 

aluminum. The matrix that makes the gas seal is the only component, which presents a significant 

challenge with hydrogen as it can migrate through even the dense matrices. The density of 

hydrogen in a type 5 tank is around 20 grams per liter. 

 

I.5. Conclusion 

The chapter on internal combustion engines offers a detailed exploration of this pivotal 

technology. It starts by defining internal combustion engines as devices that convert the chemical 

energy stored in fuel into kinetic energy through controlled combustion inside cylinders. The 

discussion then covers various types of internal combustion engines, such as gasoline and diesel 

engines, as well as four-stroke and two-stroke configurations, explaining their basic principles and 

applications. The chapter proceeds to explain the fundamental combustion process, describing how 

fuel mixes with air, ignites, and generates pressure to move pistons and, consequently, the 

crankshaft, creating mechanical energy. It also examines critical components like cylinders, pistons, 

valves, crankshafts, fuel systems, and ignition systems, highlighting their roles in ensuring engine 

efficiency and performance. Technological advancements in combustion techniques, materials, and 

electronic controls are emphasized for their contributions to improving efficiency, reducing 

emissions, and enhancing overall engine performance. Moreover, the chapter addresses challenges 

faced by internal combustion engines, such as emissions regulations and the need for better fuel 

efficiency. It also explores future trends, including electric engines, hybrid technologies, and 

alternative fuels, illustrating the ongoing evolution and significance of internal combustion engines 

in modern technology, transportation, and energy sectors. 
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CHAPTER II 

Energy and Exergy Analyses 

 

Thermodynamics serves as a fundamental framework for understanding system performance 

and energy efficiency. Moreover, energetic analysis based on the first law of thermodynamics, 

involves balancing input and output energy within a system. This analysis categorizes outputs into 

useful products and waste. Furthermore, efficiencies serve as crucial metrics for comparison. 

Additionally, exergy analysis draws upon the second law of thermodynamics and goes beyond 

energy quantity to consider energy quality. It provides insights into how closely actual performance 

aligns with theoretical ideals, highlighting reasons and locations of thermodynamic losses more 

clearly than energy analysis alone. Furthermore, exergy analysis considers the impact of the built 

environment on the natural environment, offering valuable insights for sustainable energy 

utilization and environmental management. 

II.1. The First Law of Thermodynamics 

II.1.1. Energy Change 

Energy is the ability of a system to perform work. It includes kinetic energy (KE), potential 

energy (PE), and internal energy (U), which encompasses thermal, chemical, and nuclear energies. 

When there are no influences from magnetic fields, electric fields, or surface tension, the total 

energy change of a system is determined by comparing the system's energy at the beginning and 

end of the process. This can be expressed mathematically [29-33]: 

                                                               (II−1) 

                    (II−2) 

The internal energy change 

    (     ) (II−3) 

The kinetic energy change 

    
 

 
 (  

    
 ) (II−4) 
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The potential energy change 

    
 

 
  (     ) (II−5) 

For most cases, the effects of potential and kinetic energy changes are neglected and the 

energy change is due to the internal energy change: 

       (     ) (II−6) 

Energy per unit of time is the rate of energy and is expressed as: 

 ̇  
 

  
 (II−7) 

Energy per unit mass is called specific energy: 

  
 

 
 (II−8) 

II.1.2. Energy Transfer 

Energy can be transferred to or from a system in three ways: through mass, heat, and work. 

Here’s a brief overview of each form of energy transfer [30-32,34]: 

 a. Mass Transfer 

The amount of mass entering a system loads energy with it, and the energy of the system 

increases. Likewise, the mass leaving a system decreases the energy content of the system. The 

mass and energy can be converted into one another according to the equation proposed by Einstein; 

     . When a fluid flows into a system at a mass flow rate of  ̇(kg/s), the rate of flow energy 

entering is equal to mass times enthalpy  ̇  (kW).      

 b. Heat Transfer 

Heat ( ) transfer to a system during a process increases the energy of the internal energy of 

the system, while heat transfer from a system reduces it since the energy transferred outside as heat 

comes from the energy of the molecules of the system. Heat is generally the thermal form of 

energy, and it always requires a temperature difference for its transfer. Higher temperature 

differences obviously provide higher heat transfer rates. Heat or heat transfer has the same unit as 

energy. 

 c. Work 
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Work ( ) is the energy that is transferred by a difference in pressure or force of any kind and 

is subdivided into shaft work and flow work. Shaft work is mechanical energy applied to power a 

mechanism such as a turbine, compressor, or pump. Work transfer to a system increases the energy 

of the system, and work transfer from a system decreases it since the energy transferred out as work 

comes from the energy contained in the system. 

These processes are illustrated in Figure 15, which depicts energy transfer by work, heat, and 

mass. 

 

Figure 15 Energy transfer by work, heat and mass 

II.1.3. The First Law of Thermodynamics 

The first law of thermodynamics, also known as the law of energy conservation, states that 

the net change in the total energy of a system during a process is equal to the difference between 

the total energy entering and the total energy lexaving the system. This principle can be expressed 

for any general system, emphasizing that energy cannot be created or destroyed, only transferred or 

transformed. The energy balance equation for this law can be detailed as follows [30-32]: 

          ⏟      
                     

                       

          ⏟      
                             

                         

 
(II−9) 

In rate form; 

 ̇     ̇    ⏟      
                           
                           

            ⁄⏟        
                           

                                        

 
(II−10) 

For a closed system, undergoing a process between initial and final states with heat and work 

interactions with the surroundings: 

(          )  (          )  (                    )             (II−11) 
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If there is no change in kinetic and potential energies: 

(         )  (           )      (     ) (II−12) 

In a steady-flow process, the total mass and energy content within the control volume remain 

constant, and the initial and final states of the system are identical. Under these conditions, the first 

law of thermodynamics can be formulated using the balance equation as follows [30, 32]: 

 ̇     ̇     
         

  
   (II−13) 

 ̇     ̇     (II−14) 

 ̇     ̇     ̇ (     
    

 

 
      )   ̇      ̇      ̇ (      

     
 

 
       ) (II−15) 

If the changes in kinetic and potential energies areconsidered negligible, it results in 

 ̇     ̇         
̇   ̇      ̇      ̇      (II−16) 

Consider an unsteady-flow process,assuming uniform flow conditions, the mass and energy 

balance relations may be written as [30]: 

                 (II−17) 

                     (II−18) 

              (     
    

 

 
      )                   (      

     
 

 
       )

           
(II−19) 

II.1.4. Energy Efficiencies 

One of the most commonly used concepts in thermodynamics is efficiency (η), which 

measures how effectively an energy conversion or transfer process is performed. Generally, the 

definition of energy efficiency is grounded in the first law of thermodynamics. Efficiency can take 

different forms and names depending on the type of the system. It can be expressed as follows [32, 

35]: 
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 (II−20) 

Or in rate form: 

  
 ̇    

 ̇   

   
 ̇     

 ̇   

 (II−21) 

II.1.5. Heating Values 

The heating value of fuel represents the amount of heat produced per unit mass of fuel at 

room temperature when it is completely burned, and the combustion products are cooled to room 

temperature (298 K). Since most fuels contain hydrogen, which forms water when reacting with 

oxygen, the heating value varies based on whether the water in the combustion products is in liquid 

or vapor form. The heating value is referred to as the lower heating value (LHV) when the water 

leaves as vapor and the higher heating value (HHV) when the water in the combustion gases is fully 

condensed, recovering the heat of vaporization. The difference between the higher and lower 

heating values of the fuel is equal to the product of the amount of water produced and the enthalpy 

of vaporization of water at room temperature. In vehicles and jet engines, efficiency is usually 

based on LHV because water commonly exits as vapor in the exhaust gases, making it impractical 

to recover the heat of vaporization [30, 32]. 

II.1.6. Combustion Efficiency 

Generally, the efficiency of equipment involving fuel combustion is determined by the 

heating value of the fuel. This value represents the amount of heat released when a unit of fuel at 

room temperature (298 K) is completely burned, with the combustion products then cooled to room 

temperature. The performance of combustion equipment can be described by combustion 

efficiency, which is expressed as [30, 32]: 

             
 

  
 

                                           

                                  
 (II−22) 

             
 ̇         

 ̇       
 (II−23) 

Where  ̇
         

 is the rate of heat released during a combustion process. 

In this context, the losses in the burner are primarily due to heat escaping through the walls 

and incomplete combustion. These losses can be evaluated using the concept of LHV (Lower 
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Heating Value) efficiency, which is the ratio of useful energy produced in the combustion chamber 

to the heating value of the fuel [36]. 

   
               

     
 (II−24) 

   
                                                      

     
 (II−25) 

A combustion efficiency of 100% refers that the heat quantity released through a combustion 

process is equal to the heating value of the fuel[32]. 

II.2. Limitations of the First Law: 

The first law of thermodynamics, known as the law of energy conservation, states that energy 

cannot be created or destroyed during a process. However, it doesn't tell us which direction a 

process will naturally occur in, such as whether it's reversible. Additionally, it doesn't explain why 

heat can't be completely converted into work in a thermodynamic process, or why mixtures don't 

separate on their own. To address these questions and characterize energy availability, we need 

another principle. This is where the second law of thermodynamics comes in [37]. 

II.3. The Second Law of Thermodynamics (SLT) 

The first law of thermodynamics is valuable for analyzing efficiencies but doesn't explicitly 

address thermodynamic irreversibility. On the other hand, the second law of thermodynamics 

introduces the concept that energy possesses both quantity and quality. It explains that processes 

tend to occur naturally in the direction of decreasing energy quality. This law allows us to quantify 

thermodynamic irreversibility, focusing on entropy production and the irreversibilities in processes 

that result in energy loss. Overall, there are various statements of the second law, with two classical 

ones being particularly notable [31,37-40]: 

O The Kelvin–Planck postulate: ―It is impossible to construct a device that works in a cycle 

(e.g., heat engine) and produces no other effect than the production of work and the 

transfer of heat from a single body‖. This simply shows the impossibility of having a heat 

engine with a thermal efficiency of 100%.  

O The Clausius postulate: ―Heat can never pass from a cooler to a heater body without some 

other change, connected therewith, occurring at the same time‖.This simply shows the 

impossibility of running a refrigerator or heat pump without any work input. 

In last contracts, much endeavor has been devoted to minimizing the entropy generation 

(irreversibility) in thermodynamic systems and applications. The second law of thermodynamics is 

known as a helpful tool in determining the following:  
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O Direction of process,  

O Behavior of system,  

O Irreversibility level,  

O Actual performance,  

O Effect of surroundings,  

O Effect of varying operating conditions and state properties,  

O Operational possibilities.  

Therefore, the second law of thermodynamics appears to establish a direct connection 

between entropy and the usefulness of energy, providing a means to assess energy quality within 

combustion systems. As a result, the second law offers a comprehensive understanding of the 

thermodynamic processes involved in combustion. Furthermore, the analysis based on the second 

law has found widespread applications across various fields, extending beyond traditional 

engineering thermodynamic applications to include economics, sociology, ecology, and 

environmental studies [32, 40]. 

II.3.1. Entropy 

Entropy is a property that quantifies the degree of disorder or randomness within a system. It 

can be defined as a thermodynamic property that measures the level of randomness or disorder of 

the molecules within a system. Similar to internal energy and enthalpy, entropy is also a state 

function, meaning that changes in entropy only depend on the initial and final states of the 

thermodynamic system. According to the second law of thermodynamics, the entropy of the 

universe always increases, meaning that every process that occurs in the universe leads to an overall 

increase in entropy. The Clausius inequality, derived from the second law, encapsulates this 

concept [32, 41-43]. 

∮
  

 
   (II−26) 

The ratio     is the entropy transfer related by  . The entropy (S) introduced by Rudolf 

Clausius (1822- 1888), is defined as: 

   (
  

 
)

        
 (II−27) 
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The inequality mentioned in the preceding relations is a constant reminder that the entropy 

change of a closed system during an irreversible process will always be greater than the entropy 

transfer. This means that during an irreversible process, some entropy is generated or created. This 

generation of entropy occurs solely due to the presence of irreversibilities and is not an inherent 

property of the system itself. The term used to describe this phenomenon is entropy generation 

(Sgen), which represents the entropy created in a process. In a closed system, the difference between 

the entropy change and the entropy transfer is equal to the entropy generation, and this relationship 

can be expressed as follows: 

            ∫  
 

 

(
  

 
)       (II−28) 

Where; 

The entropy change is greater than the entropy transfer by an amount equal to the entropy 

produced during a process in a system, and the entropy balance is given as: 

                           (II−29) 

Entropy can be transferred by heat and mass. Entropy transfer by heat is defined as: 

       
 

 
 (II−30) 

Entropy transfer by mass is expressed as: 

         (II−31) 

The entropy balance in Equation (II−29) can be expressed in the rate form as: 

 ̇     ̇      ̇     
         

  
 (II−32) 

The entropy generation increases as the range of irreversibilities increases. Hence, entropy 

generation can be employed as a quantitative measure of irreversibilitiesattached with a process. 

Additionally, it is used to define standards for the performance of engineering devices. 
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 a. The entropy transport equation 

The flow field and the distribution of scalar properties, such as temperature and mass fraction 

of species, are determined through numerical analyses of the governing equations. Based on these 

flow and scalar field distributions, the rate of entropy generation can be calculated using the 

entropy transport equation. This equation can be expressed in the following form [44]: 

  
  

  
  

  

  
   

  

  
 ∑  

  

   

   
   

  
 (II−33) 

The     isindicates the material derivative; 

                     (II−34) 

   istheindicates the chemical potential; 

         
  (II−35) 

In which; 

  
  

 

  
(

  

   
)

      (   )

 (II−36) 

  
  is the partial entropy,  and  are the number of moles and molecular mass of species α, 

respectively. S denotes the entropy. 

      ∑  

  

   

    
  (II−37) 

Where  is the total mass. For an ideal gas, the partial entropy can be defined in terms of 

entropy of pure substance as: 

  
            (II−38) 

In this equation,   
 denotes the entropy of pure species α,   denotes the mole fraction of 

species α and   is the gas constant for species α (  =     )and   is the universal gas constant. 

In Equation (II−35),   is the enthalpy of species α, 
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  ∫  

 

  

   
(  )    (II−39) 

In which   
 denotes the enthalpy of species α at reference temperature   and    

represents 

specific heat at constant pressure for species α. By substituting for      and       from 

conservation equations of energy and chemical species mass fraction, we obtain a transport 

equation for entropy: 
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In this equation,    and   
 denote the viscous stress tensor and the scalar fluxes, respectively. 

Assuming a Newtonian fluid and Fick’s law of diffusion, these are represented as: 
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 (II−42) 

Where,  is the molecular viscosity and   denotes the mass molecular diffusivity of species  . 

In Equation (II−40),    
is a source term due to chemical reaction, defined as: 

   
 

 

 
   ̇  (II−43) 

 ̇ is the molar rate of production/destruction of species  due to chemical reactions. Also in 

Equation (II−40),  ̇ is the energy flux term, expressed as: 
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Another useful form of entropy transport equation can be obtained: 
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In this equation, the last five terms on the RHS constitute the volumetric rate of generation of 

entropy  ̇ 
   [45-47]. 
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As depicted by this equation, the irreversible phenomena contributing to entropy generation 

include: viscous dissipation, heat conduction, chemical reactions, mass transfer resulting from 

changes in the mass fraction of individual species, and mass transfer resulting from changes in the 

total number of moles [48]. 

II.3.2. Exergy 

 a. Exergy Definition 

In thermodynamics, the exergy of a system refers to the maximum theoretical work that can 

be obtained when the system reaches equilibrium (thermal, mechanical, and chemical equilibrium) 

with its surroundings. Unlike energy, exergy is not a conserved property; it is destroyed due to 

irreversibilities in any process. Exergy analysis involves assessing exergy transfers related to heat, 

work, and mass transfers, as well as exergy destruction. The magnitude of exergy destruction serves 

as a quantitative measure of the irreversibilities present in the system. Exergy analysis provides 

efficiencies that offer a true measure of how closely actual performance approaches the ideal, and it 

identifies the locations and sources of thermodynamic losses more clearly than energy analysis. 

Therefore, exergy analysis can aid in the development and optimization of designs [29, 37, 49-50]. 

For a process stream, its exergy can be decomposed into two terms: physical exergy and 

chemical exergy. Physical exergy (Ex_ph) represents the maximum reversible work achievable 

when a substance stream is brought from its actual state to the environmental state. Physical 

processes involve only mechanical and thermal interactions with the environment (T0, P0). 

Assuming that potential and kinetic energy can be disregarded, physical exergy can be defined by 

the following equation [39, 51,14]: 

      [(    )    (    )]   (  
  

 
) (II−47) 

Where,   and   are specific molar enthalpy (kJ/kmol) and specific molar entropy (kJ/kmol K), 

respectively.    and    are the values of   and   at standard conditions (  ,   ). 

Chemical exergy (    ) of a substance is the maximum quantity of work attainable by taking 

it from the environmental state (  ,   ) to a full equilibrium with the chosen environment. The 

molar chemical exergy of an ideal mixture can be written by this Equation as: 
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 ∑  
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        (II−48) 

Where,    and      
are molar fraction and molar chemical exergy (kJ/ kmol), respectively, of 

each component in the mixture, and   is the universal gas constant. Exergy loss can be evaluated by 

finding the difference between the exergy of inlet and outlet streams: 

                   
             

 (II−49) 

Total exergy of stream is taken as the sum of its physical and chemical exergy: 

           
           (II−50) 

 b. Reversibility and Irreversibility 

These two concepts are highly significant in the analysis of thermodynamic processes and 

systems. Reversibility implies that both the system and its surroundings can be restored to their 

initial states. Irreversibility, on the other hand, involves the destruction of exergy. During an 

irreversible process, neither the system nor its surroundings can be returned to their initial states 

due to irreversibilities such as friction, heat rejection, electrical and mechanical effects, and so forth 

[30-31]. 

II.4. The Analyses of Combustion Process 

Thermodynamics based analyses and performance assessments are applied to the combustion 

chamber with isothermal wall. In this regard, energy and exergy analyses are applied to the system. 

The cylinder burner was selected as the control volume. Accordingly, the total inlet and outlet 

exergy of the control volume are determined in the thermodynamic equilibrium state of this engine. 

II.4.1. Energy Analysis 

Energy analysis is connected to the first law of thermodynamics through energy balances and 

efficiencies. It serves as a valuable tool for assessing operating conditions, particularly in 

optimizing physical and chemical mechanisms within combustion chambers. Moreover, this 

method is often integrated with other applications, including energy conversion and enhancement. 

The energy balance equations for a steady system are presented as follows [29, 52]: 

  ̇      ̇     (II−51) 
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 ̇      ̇       ̇    ̇      ̇      (II−52) 

Where, 

  ̇   ; the total input energy [kW], 

  ̇    ; the total output energy [kW], 

 ̇    ; the energy rate of air [kW], 

 ̇     ; the energy rate of fuel [kW], 

 ̇  ; is the work rate [kW],  

 ̇    ;the exhaust energy rate [kW], 

 ̇     ; the energy loss rate [kW].  

The air energy rate is written as: 

 ̇       ̇                ̇          (II−53) 

 ̇    ; the air mass flow rate [kg/s], 

     ; the air enthalpy [kJ/kg], 

 ̇    ; the volumetric flow rate of air [m3/s], 

     ; the density of air [g/L]. 

The energy rate of fuel is determined from: 

 ̇       ̇       (II−54) 

Where; 

 ̇    ; the fuel flow mass rate [kg/s], 

  ; the Fuel Lower Heating Value (LHV) [kJ/kg].  

The work rate of the system is calculated from: 
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 ̇      (II−55) 

 ; the angular velocity [rad/s], 

 ; the torque of the engine [Nm3]. 

The angular velocity of the engine is given by: 

  
   

  
 

n; the speed of the engine in revolutions per minute (1800 rpm). 

The exhaust energy of the system is determined as follows [52-53]: 

 ̇     ∑ 

 

   

 ̇     ̇       ̇   
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   (II−56) 

 ̇ ; the mass flow rate of chemical species i [kg/s], 

  ; the enthalpy of the products chemical species i [kJ/kg].  

The energy loss rate of the system is found from the energy balance equation as follows: 

 ̇       ̇      ̇       ̇    ̇     (II−57) 

The energy efficiency of the combustion system: 

    (
 ̇  

 ̇       ̇      

)    (II−58) 

II.4.2. Exergy Analysis 

Dependence solely on energy analysis isn't sufficient for comprehensively assessing all energy 

consumption within a reactive system. It also lacks the capability to estimate and compute the 

energy sources influencing efficiency. Consequently, solely relying on the first law of 

thermodynamics is inadequate for fully gauging the quality of various energy forms, including 

volume control. However, exergy analysis, grounded in both the first and second laws of 

thermodynamics, provides a more holistic understanding. It aids in grasping and enhancing 

efficiency based on operational parameters, evaluating potential energy and its role in the entire 

system. Through exergy analysis, sustainable energy quality of any system can be investigated. Its 

primary aims include determining true system efficiency under diverse operating conditions. 
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Additionally, the destruction of exergy in a process is directly linked to entropy generation, a 

principle governed by the second law of thermodynamics. This destruction arises due to 

irreversibility. The exergy balance equations are outlined as follows [54-55]:  

  ̇       ̇       ̇       (II−59) 

 ̇       ̇        ̇    ̇       ̇        ̇       (II−60) 

Where; 

 ̇    ; the exergy input rate [kW], 

 ̇     ; the exergy output rate [kW], 

 ̇      ; the exergy destruction rate [kW], 

 ̇     ; the exergy rate of air [kW], 

 ̇      ; the exergy rate of fuel [kW], 

 ̇   is the exergetic work rate [kW], 

 ̇     ; the exhaust exergy rate [kW], 

 ̇      ; the exergy loss rate [kW]. 

The inlet air exergy given by: 

 ̇       ̇               [(             )       (
          

  
)] (II−61) 

       ; the specific heat capacity of air [J/(kg.K)], 

    ;the inlet temperature [K],  

  ; the reference temperature (298K). 

The exergy rate of fuel is as follow: 

 ̇        ̇              (II−62) 

      ;the chemical exergy factor of fuel, 
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The exergetic work rate of the system is equal to energetic work rate as follows: 

 ̇     ̇    (II−63) 

The exhaust exergy of the system is written as: 

 ̇     ∑  

 

   

 ̇ (             ) (II−64) 

    ; the specific physical exergy rates of the combustion products [kW], 

    ; the specific chemical exergy rates of the combustion products [kW]. 

The specific thermomechanical (physical) exergy rate of the exhaust gas component is 

determined from: 

       [(     )    (     )]      [(        )       (
     

  
)] (II−65) 

     ; the exhaust temperature of the combustion products [K].  

The specific chemical exergy rate is found as: 

        ̅     (
  

   
) (II−66) 

Where,  

 ; the universal gas constant 8.314 [kJ/kmol.K],  

  ; the mass fraction of chemical specie i.  

The exergy loss rate of the system is determined as follows: 

 ̇          (  
  

   
)   ̇      (  

  

   
) (II−67) 

Where,  

   ; the wall temperature [K],  

   ; the heat energy loss through the wall during the cooling water [kW].  
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In this study, we considered all exergy sources to assess the combustion system's destroyed 

exergy, such as the input exergy of both fuel and air, output exergy of combustion products, and the 

exergy loss through the burner wall. The destroyed exergy rate equation of the considered 

combustion system is calculated as follows [54-55]: 

 ̇        ̇       ̇        ̇    ̇       ̇       (II−68) 

The exergy efficiency of the system is given as: 

    (
 ̇  

 ̇       ̇      

)    (II−69) 

The entropy generation rate can be given by: 

     
 ̇     

  
 (II−70) 

II.5. The Conclusion 

The third chapter focuses on the theoretical thermodynamics analysis of combustion process, 

which based on the first and second thermodynamics low for the turbine combustion chamber. 

Generally, the first law of thermodynamics is mainly expressed the conservation of energy in the 

burner. However, the second law of thermodynamics describes the type energy as physical or 

chemical sources. Indeed, the processes of transport and/or convert of energy by new properties 

called entropy and exergy. Entropy is a quantitative measure of macroscopic physical processes, 

and exergy is a measure of the quality and quantity of energy sources in a system. The purpose 

from these analyses is the calculation of the lost exergy during the combustion chamber, where 

exergy efficiency assesses the efficiency of combustion by considering the second law of 

thermodynamics. In addition, we can give solution with some modification in the inlet parameters 

like the equivalence ratio and preheating the inlet reactive mixture. 

In the next chapter, we begin with simulation of the combustion based on the aerothermo 

chemical combustion parameters. The results obtained in the next chapter exploit to evaluate the 

thermodynamics parameters that used in after for the improvement of the combustion system.    
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CHAPTER III 

Application of Energy & Exergy Analysis in Internal Combustion 

Engine 

Thermodynamics permits describing a system performance, behavior and efficiency for the 

energy transfer from one form to another. Energetic analysis is based on the first law of 

thermodynamics, which represents the conservation of energy principle. An energy analysis is 

primarily a balancing of the input and output amount of energy in an energy conversion system. 

Energy output can be divided into products and wastes. Efficiencies are usually measured as ratios 

of energy amounts and are often used to evaluate and compare various systems. Exergy analysis is 

a powerful thermodynamic analysis relies on the second law of thermodynamics. The second law of 

thermodynamics confirms that energy has both quality and quantity, and actual processes occur in 

the direction of decreasing quality of energy.  

III.1.Control Volume and Operating Conditions 

The present chapter focused on the combustion system, the burner confined the fuel and air 

injected by two coaxial jets. Actually, we are chosen the cylindrical combustion chamber because it 

is similar to a gas turbine combustor. Moreover, the combustor configuration is given in this figure: 

 

Figure 16Schema of Engine Combustion Chamber [68] 
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In this study, we will investigate the numerical simulation for different  fuels cases conceding 

both effects of inlet mass flow and preheating  of the fuel. The combustion chamber illustrates in 

figure 1 is used for all this work with boundary conditions recapitulate in three cases (table 1, 2 ,and 

table 3).  

 a. Case1: 

In this case, we compute the different energetic parameters using the operating conditions 

given in table 2. This computation used different fuels for the same inlet parameters to compare the 

control variables mentioned previously.The table presents the initial properties of various fuels and 

air used for combustion processes with an equivalent ratio equal 0.9. The high LHV values of 

methane, hydrogen, and LPG highlight their potential for energy generation, while the specific fuel 

and air flow rates, along with the temperatures, are critical for optimizing combustion efficiency 

and minimizing emissions. The equivalence ratio (λ) of 1.11 suggests a lean combustion mixture, 

contributing to cleaner and more efficient combustion processes. 

Table 2 The Boundary conditions and proprieties of inlet 

Fuel 
Chemical 

formula 

LHV 

[kW] 

Qfuel 

[kg/s] 

Tfuel 

[K] 
Qair[kg/s] Tair [K] λ 

Methane CH4 350085.12 

0,0072 300 

0.142 

750 1.11 

Hydrogen H2 839856.5 0.283 

Biogas 

59.50% CH4, 

38.5% CO2, 

2% N2 

012352.16 0.050 

Liquid 

Petroleum 

Gas 

(LGP) 

C3H8 50% 

C4H10 

50 % 

210824.14 0.128 

 

 b. Case 2: 

This table illustrates the initial properties of various fuels (methane, hydrogen, biogas, and 

LPG) used in combustion processes under an equivalent ratio (λ) of 0.9, which indicates a lean fuel 

mixture. Key properties such as the Lower Heating Value (LHV), fuel and air flow rates, and initial 

temperatures are detailed: 
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Table 3 The combustion characteristics of preheating fuels 

Fuel Tfuel [K] Qfuel[kg/s] Qair [kg/s] Tair [K] λ 

Methane 

100 

 

 

 

 

 

 

 

 

 

0,0072 

0.142 

750k 

 

 

 

 

1.11 

300 

500 

700 

900 

Hydrogen 

100 

0.283 

300 

500 

700 

900 

Biogas 

100 

0.050 

300 

500 

700 

900 

LGP 

100 

0.128 

 

300 

500 

700 

900 

 c. Case 3: 

The current case based on the variation of the inlet mass flow rate of the fuels with same 

inlet temperature to evaluate the identical parameters of the case 3. The table 4 shows the main 

variables used for this step:   

Table 4 The combustion characteristics of impact mass flow 

Fuel 
Tfuel 

[K] 
Qfuel [kg/s] Qair[kg/s] 

Tair 

[K] 
Λ 

Methane 

300 

0.0018 0.036 

750 1.11 

0.0036 0.071 

0.0072 0.142 

0.009 0.178 

0.0108 0.213 

Hydrogen 
0.0018 0.071 

0.0036 0.141 
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0.0072 0.283 

0.009 0.353 

0.0108 0.424 

Biogas 

0.0018 0.013 

0.0036 0.025 

0.0072 0.050 

0.009 0.063 

0.0108 0.075 

LGP 

0.0018 0.032 

0.0036 0.064 

0.0072 0.128 

0.009 0.160 

0.0108 0.192 

 

III.2.Results and discussion 

In this section, we present and analyze the results of a combustion chamber system, where 

four different fuels methane, hydrogen, biogas, and liquid petroleum gas (LPG), were tested under 

identical operating conditions. This investigation aims to evaluate the performance, energetic  

characteristics of each fuel. The operating conditions, including the equivalent ratio (λ) and air 

temperature, were kept constant to ensure a fair comparison.  

III.2.1. Total Energy flow and Exergy flow, Entropy 

 

Figure 17 The total energy flow, exergy flow, and entropy generation for considered fuels 
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The bar charts illustrate the total energy flow, exergy flow, and entropy generation for H2, 

CH4, Biofuel, and LPG, revealing distinct patterns in their energy characteristics and combustion 

behavior. Hydrogen shows the highest total energy flow, followed by Methane, Biofuel, and LPG. 

Hydrogen’s high reactivity and low molecular weight result in significant energy release per unit 

mass. Methane delivers substantial energy output despite its lower density, while Biofuel and LPG 

release less energy due to their molecular structures and lower efficiency. In addition, exergy flow 

follows a similar trend, with Hydrogen having the highest exergy output, indicating great potential 

for useful work extraction. Methane offers considerable exergy, Biofuel provides moderate useful 

work, and LPG has the lowest potential for useful work. In other hand, Entropy generation differs, 

with Hydrogen generating the highest entropy, followed by Methane, Biofuel, and LPG. 

Hydrogen’s reactive combustion leads to significant molecular disorder, while Methane and Biofuel 

generate less entropy due to their combustion properties. LPG’s controlled combustion produces 

the least entropy. Generally, hydrogen is the most energy-dense and exergy-rich fuel with the 

highest entropy generation. Methane balances energy output, exergy, and entropy. Biofuel is 

moderate in all aspects, while LPG is the least energy-dense and exergy-rich with the lowest 

entropy generation. 

III.2.2. Total Energy flow 

 

Figure 18 The total energy flow versus temperature for considered fuels 

The graph in this Figure shows the total energy flow versus temperature for four fuels: H2, 

CH4, LPG, and biofuel. Despite increasing temperatures, the energy flow for each fuel remains 

relatively stable. Hydrogen has the highest energy flow, around 1100 kW, due to its high energy 

content. Methane and LPG have slightly lower but similar energy flows, reflecting their efficient 

combustion. Biofuel shows the lowest energy flow, attributed to its lower energy density. This 

stability indicates efficient energy release and combustion for each fuel across the temperature 

range. 
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Figure 19 The total energy flow versus mass flow for considered fuels 

The graph illustrates the relationship between energy output and mass flow rate for H2, CH4, 

Biofuel, and LPG. It demonstrates that higher mass flow rates lead to increased energy output 

across all fuels, which aligns with the principle of energy conservation. Hydrogen exhibits the 

steepest slope, it reaches its maximum energy flow rate at approximately 1754.82 kW, indicating 

the most significant energy output increase due to its high reactivity. Moreover, Methane follows 

with a slightly less steep slope, indicating a moderate increase in energy output. Biofuel shows a 

more gradual increase, suggesting slower energy release owing to its complex molecular structure. 

Furthermore, LPG displays the gentlest slope. It exhibits the lowest energy flow rate at a mass flow 

rate of 0.0108 kg/s approximately 639.74 kW, indicating the smallest increase in energy output, 

likely due to its less efficient combustion process. Overall, the trend of increasing energy output 

with rising mass flow rate underscores the direct relationship between fuel flow and energy release. 

These trends are influenced by factors such as fuel composition, combustion efficiency, and system 

conditions. Understanding these dynamics is crucial for optimizing combustion processes to 

enhance energy output and efficiency. Each fuel exhibits an optimal mass flow rate for achieving 

maximum energy output, underscoring the significance of mass flow rate in evaluating the energy 

potential of different fuels. 
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III.2.3. Total Exergy flow 

 

Figure 20 The total exergy flow versus temperature for considered fuels 

Figure 20 illustrates the relationship between temperature and exergy flow for various fuels: 

H2, CH4, LPG, and Biofuel. Hydrogen has the highest exergy flow, peaking around 1200 kW at 100 

K, and remains stable as the temperature increases. This indicates efficient energy recovery and 

minimal exergy losses. CH4 and LPG show similar exergy flows, approximately 300 kW, 

suggesting comparable combustion characteristics and energy efficiencies. Their exergy flows also 

remain stable across the temperature range. Biofuel has a significantly lower exergy flow, reflecting 

its different chemical composition and higher exergy losses during combustion. Overall, Hydrogen 

stands out for its superior exergy flow, while Methane and LPG exhibit similar moderate 

performance. Biofuel, though less efficient, provides insights into the characteristics of alternative 

fuels. 
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Figure 21 The total exergy flow versus mass flow for considered fuels 

Figure 21offers the relationship between exergy and mass flow rate for H2, CH4, Biofuel, and 

LPG fuels. Exergy, representing the maximum useful work extractable from a system, shows an 

increasing trend with higher mass flow rates across all fuels. Hydrogen exhibits the most 

pronounced increase in exergy per unit mass flow rate, reflecting its high reactivity and efficient 

energy release during combustion. Methane follows with a slightly less steep slope, indicating 

substantial exergy potential but at a slower rate of increase compared to hydrogen. Biofuel 

demonstrates a moderate increase in exergy, influenced by its complex molecular structure and 

combustion characteristics. LPG fuel shows the least steep slope, suggesting lower exergy output 

per unit mass flow rate, possibly due to less efficient combustion processes and lower energy 

density.These observations highlight the varying efficiencies and potentials for useful work 

extraction among different fuels in combustion systems. Factors such as fuel composition, 

combustion dynamics, and system conditions play critical roles in determining the exergy output. 

Understanding these relationships is essential for optimizing combustion processes to maximize 

energy conversion efficiency and overall system performance. 
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III.2.4. Entropy 

 

Figure 22 The entropy flow versus temperature for considered fuels 

The figure 22 illustrates the relationship between temperature and entropy for various fuels, 

including H2, CH4, LPG, and Biofuel. The data indicates that as the temperature increases, the 

entropy values for all the fuels remain relatively constant. Notably, hydrogen exhibits the highest 

entropy value, stabilizing around 3 kW/K, which is indicative of its high level of molecular disorder 

and reactivity during combustion. Methane and LPG have similar entropy values, suggesting that 

their combustion processes generate comparable levels of disorder and energy distribution. Biofuel, 

on the other hand, shows the lowest entropy, indicating less molecular disorder compared to the 

other fuels. This consistent entropy across varying temperatures implies that higher thermal energy 

at elevated temperatures leads to increased molecular activity, resulting in a balanced state where 

entropy levels off. This behavior underscores the efficiency and stability of the combustion 

processes for these fuels, maintaining entropy at a steady level despite temperature changes. 

0

1

2

3

4

5

100 300 500 700 900 

En
tr

o
p

y 
  [

kW
/K

] 

Temperature [K] 

H2

CH4

Biofuel

LPG



CHAPTER III Application of Energy & Exergy Analysis in Internal Combustion Engine 

 

47 

 

Figure 23 The entropy flow versus mass flow for considered fuels 

This graph presents how entropy increases with flow rate for H2, Biofuel, CH4, and LPG 

fuels, reflecting greater disorder in combustion systems as energy distribution becomes more 

dispersed with higher flow rates. Hydrogen exhibits the most rapid increase in entropy due to its 

high reactivity, followed by biofuel, CH4, and LPG, which show progressively slower entropy 

generation. These trends highlight the fundamental thermodynamic principle linking energy flow to 

increased molecular interactions and disorder in combustion processes across different fuel types. 

 

III.3. Conclusion 

In this chapter, the analysis focuses on the energy characteristics and combustion behavior of 

H2, CH4, Biofuel, and LPG, revealing clear differences among these fuels. Hydrogen demonstrates 

the highest energy flow and exergy potential due to its high reactivity and substantial energy release 

per unit mass. However, it also generates the most entropy because of significant molecular 

disorder. Methane follows, offering substantial energy output and exergy with moderate entropy 

generation. Furthermore, Biofuel, with its complex molecular structure, has moderate energy and 

exergy outputs along with entropy generation. In addition, LPG, being the least efficient, shows the 

lowest energy and exergy outputs and minimal entropy generation.These observations highlight the 

varying efficiencies and potential for useful work among different fuels. Specifically, the trends 

indicate that energy output and exergy increase with mass flow rate, while entropy generation rises 

with increased molecular interactions and disorder. Therefore, these findings emphasize the need to 

optimize fuel composition, combustion efficiency, and mass flow rates to maximize energy output 

and efficiency while maintaining stable combustion processes. Understanding these dynamics is 

crucial for selecting appropriate fuels for specific applications and optimizing combustion systems. 

The results offer insights into the relative advantages and limitations of each fuel type, providing a 

comprehensive understanding of their behavior in a controlled combustion setting. Overall, the 
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results underline the importance of considering both the first and second laws of thermodynamics to 

accurately evaluate and optimize the performance of combustion systems using different fuels. 
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General Conclusion 

In this study, we conducted a comprehensive comparison of four different fuels: CH4, H2, 

Biogas, andLPG. We focus on the computing the energetic parameters such as with respect to their 

energy, entropy, and exergy. The analysis aimed to provide insights into the energy efficiency of 

these fuels to inform future energy industrial applications. 

Our energy analysis revealed that CH4 exhibits a high energy content and is widely used 

due to its well-established infrastructure, providing a reliable and efficient energy source but 

contributing significantly to greenhouse gas emissions. H2, on the other hand, possesses the highest 

energy per unit mass among the fuels studied, with its combustion producing only water, making it 

an exceptionally clean fuel. However, challenges related to storage, transportation, and production 

from non-renewable sources currently limit its widespread adoption. Biogas, generated from 

organic waste, offers a renewable energy source with moderate energy content, aiding in waste 

management and reducing landfill emissions. However, the energy yield can be variable depending 

on the feedstock and production methods. Liquefied Petroleum Gas (LPG) offers a good balance 

between energy content and ease of storage and transportation. It is commonly used in residential 

and commercial applications and produces fewer emissions compared to conventional fossil fuels. 

The entropy analysis showed that CH4 and LPG demonstrated lower entropy generation 

during combustion processes, indicating relatively higher thermal efficiency. H2 exhibited higher 

entropy changes, which can be mitigated by using advanced combustion techniques to improve 

overall efficiency. Biogas showed variability in entropy generation depending on its composition 

and production methods, but it generally had higher entropy changes compared to CH4 and LPG, 

highlighting the need for optimization in its usage. The exergy analysis provided insights into the 

potential for work and the efficiency of energy conversion processes. CH4 and LPG both showed 

high exergy efficiency, making them suitable for applications requiring consistent and reliable 

energy. H2, despite its high energy content, can have lower exergy efficiency if not managed 

properly due to losses in storage and conversion processes. Optimizing hydrogen production, 

storage, and utilization technologies is crucial for maximizing its exergy potential. Biogas exhibited 

lower exergy efficiency, reflecting the variability in its composition. Enhancing biogas purification 

and upgrading processes can improve its exergy performance. 

Perspectives and Recommendations 

The CH4 could mitigate greenhouse gas emissions through power plants and investing in 

renewable methane from biomass can create a sustainable energy economy. For H2, accelerating 

green hydrogen production, improving storage methods, and advancing combustion and engine 

technology will enhance its viability and reduce fossil fuel reliance. Biogas production efficiency 

can be improved through optimized feedstock and advanced anaerobic digestion, with upgraded 

technologies making it a competitive alternative to natural gas. Last fuel, LPG can benefit from 
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hybrid applications with renewable energy, advanced combustion technologies, and expanded use 

in rural areas like biogas, offering cleaner energy solutions and improving public health. 

Based on our analysis, we recommend continuing the use of CH4 and LPG in applications 

where infrastructure is established while exploring ways to reduce their environmental impact. For 

H2, investment in research and development is crucial to address the challenges of storage, 

transportation, and production from renewable sources, unlocking its full potential as a clean 

energy carrier. Biogas should be promoted for waste management and as a renewable energy 

source, with a focus on improving production and upgrading technologies to enhance its efficiency 

and exergy performance. Overall, each fuel has unique advantages and challenges. A balanced 

approach, leveraging the strengths of each fuel while mitigating their weaknesses, will be essential 

for a sustainable energy future. 
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 ملخص

الأساسٕت لإوخاج اَ ىخحُٔو اىطاقت اىنٕمائٕت اىمخزوت فٓ اىُقُد حؼبش اىمحشماث اىحشاسٔت اىُسٕيت 

بإدساج ىمحشك الاحخشاق اىذاخيٓ َمحاماث وظشٔت  فٓ ٌزي اىؼمو قمىا بذساست.  تاىطاقت مٕناوٕنًٕ اَ مٍشبائٕ

مثو  اػخمذوا فٓ اىحساباث ػيّ اىمقادٔش اىطاقُٔت. َاىُقُد اىؼضCH4,H2, GPLُْ: أسبغ أوُاع مه اىُقُد

اثبخج اىىخائح ان ىنو وُع مه اىُقُد . فؼاىٕت الاحخشاق َ حشاسي اىمحشك, اىطاقت اىمىخدت، الاوخشَبٕا

. مما ان ٌزي الأوُاع ٌٓ الأمثش اسخؼمالا فٓ مداه اىسٕاساث اىّ خاوب اىُقُد اىبخشَىٓ, خصائصً اىممٕزة

لاوبؼاثاث مثو ثاوٓ أمسٕذ اىنشبُن مناوٕت حقيٕو ارىل لإَقُد وظٕف َٔؼخبش اىٍٕذسَخٕه  مىخٕدت فان

حأثٕش اىٍٕذسَخٕه ػيّ مؼإٔش أداء اىمحشك مثو اىنفاءة اىحشاسٔت بالإضافت اىّ  .َاىميُثاث اىضاسة الأخشِ

 .ؼضَُْثباث الاحخشاق َاىطاقت اىمُىذة َاىنفاءة اىؼامت مقاسوت باىُقُد اى

 ، الوقود، الطاقة الميكانيكية. الكلمات المفتاحية : المحرك الداخلي ، الطاقة الكيميائية

Abstract 

Thermal engines are the primary means of producing or converting the chemical energy 

stored in fuel into mechanical or electrical energy. In this work, we conducted a theoretical study 

and simulation of an internal combustion engine by incorporating four types of fuel: CH4, H2, 

LPG, and biogas. Our investigation focuses on calculations of energy quantities such as the 

energy produced, entropy, combustion efficiency (exergy), and combustion temperature. The 

results showed that each type of fuel has its distinctive characteristics, and these types are the 

most commonly used in the automotive field alongside petroleum fuel. Consequently, hydrogen 

is considered a clean fuel due to its low emissions of carbon dioxide and other harmful 

pollutants. Moreover, hydrogen impacts engine performance parameters such as thermal 

efficiency, combustion stability, generated power, and overall efficiency compared to biogas. 

Keywords: internal engine, chemical energy, fuel, mechanical energy. 

Resumé 

Les moteurs thermiques sont les principaux moyens de produire ou de convertir l'énergie 

chimique stockée dans le carburant en énergie mécanique ou électrique. Dans ce travail, nous 

avons réalisé une étude théorique et une simulation d'un moteur à combustion interne en 

incorporant quatre types de carburant différents : CH4, H2, GPL et biogaz. Notre étude se 

concentre sur les calculs des paramètres énergétiques tels que l'énergie produite, l'entropie, 

l'efficacité de combustion (exergie) et la température de combustion. Les résultats montrent que 

chaque type de carburant a ses caractéristiques distinctives, et ces types sont les plus 

couramment utilisés dans le domaine automobile aux côtés des carburants pétroliers. Par 

conséquent, l'hydrogène est considéré comme un carburant propre en raison de ses faibles 



 

 

émissions de dioxyde de carbone et d'autres polluants nocifs. De plus, l'hydrogène impacte les 

paramètres de performance du moteur tels que l'efficacité thermique, la stabilité de la 

combustion, l'énergie produite et l'efficacité globale par rapport au biogaz. 

Mots clés : moteur interne, énergie chimique, carburant, énergie mécanique. 
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