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Introduction 
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	Fuel, Energy and Net Zero provides an exploration of the evolution, science, economics, and future of fuels in human society. Spanning ancient discoveries to cutting-edge innovations, this book guides readers through the critical role that fuels have played—and will continue to play—in shaping economies, technologies, and geopolitics. From fossil fuels such as coal, oil, and natural gas, to emerging alternatives like biofuels, green hydrogen, and synthetic fuels, the book examines the complex systems that sustain modern life and the urgent transition needed to build a sustainable energy future.

	This work is especially relevant in today’s context of climate change, energy security concerns, and accelerating technological transformation. It bridges scientific understanding with policy debates and market dynamics, making it suitable for students, professionals, and general readers alike who are interested in energy systems, environmental sustainability, or global development.

	Readers will gain insights into the physical and chemical properties of various fuels, the history of fuel use in industrial societies, and the geopolitical and economic factors that shape global energy markets. They will also learn about renewable fuel technologies, decarbonisation strategies, carbon pricing, energy storage, and the post-fossil fuel transition—all framed within the global effort to achieve net-zero emissions by 2050.

	Whether you are an environmental science student, a policymaker, an industry professional, or simply a curious reader, this book offers a clear and engaging roadmap to understanding one of the most critical topics of our time: how we power our world, and how we must change it.



	




	Part 1

	 

	Understanding Fuel 
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Chapter 1

	[image: Image]

	What Is Fuel? 

	 

	 

	In a world racing toward decarbonisation, the term fuel is no longer confined to petrol pumps or coal-fired power plants—it is central to global discussions on climate policy, energy transition, and technological innovation. Fuel, Energy and Net Zero sets the stage for understanding how society’s evolving relationship with energy is driving transformation across every sector, from transportation and industry to homes and cities. Before we can chart a path to net zero emissions, we must first return to basics: What exactly is fuel?

	Chapter 1, What Is Fuel?, opens this conversation by unpacking the fundamental concept of fuel as a source of stored energy. It examines the physical and chemical principles that make substances useful for powering machines, generating electricity, and sustaining modern life. From ancient wood fires to advanced synthetic fuels, this chapter explores how fuel is defined, categorised, and measured. It also introduces the underlying physics—such as energy content and combustion—that determine fuel performance.

	Understanding what fuel is provides the foundation for exploring its history, forms, applications, and future directions in the chapters that follow. As you begin this chapter, consider how something as seemingly simple as “fuel” has shaped economies, ecosystems, and geopolitical landscapes—and how redefining it will shape the future.

	 


Definition and Purpose

	We need fuel because it is one of the most important sources of energy that powers our modern world. Fuel provides the stored energy necessary to perform work, drive machines, generate electricity, and support basic human activities like cooking, heating, and transportation. Whether in the form of fossil fuels, biofuels, or emerging alternatives, fuel is essential to the functioning of societies, economies, and daily life.

	At its core, fuel enables the conversion of stored chemical energy into usable energy—such as heat, motion, or electricity. In homes, fuel allows us to cook food, heat water, and stay warm during cold seasons. In industry, it powers the engines, machines, and furnaces that produce everything from metals and chemicals to textiles and electronics. Fuel is also fundamental to agriculture, powering equipment like tractors and irrigation systems that help feed growing populations.

	One of the most visible roles of fuel is in transportation. Fuels like gasoline, diesel, aviation fuel, and natural gas power the cars, trucks, trains, ships, and planes that move people and goods across the globe. Without fuel, supply chains would break down, travel would grind to a halt, and economic activity would be severely disrupted.

	Fuel is also essential in electricity generation, especially in regions that rely heavily on fossil fuels like coal, oil, or natural gas to produce power. Even as renewable energy sources grow, many countries still depend on fuel-based power plants to maintain a stable energy supply, especially during peak demand or when solar and wind sources are unavailable.

	In emergency situations, backup generators that run on fuel ensure continuity in hospitals, communication systems, and disaster response operations. Fuel even plays a principal role in space exploration, where high-energy fuels are needed to launch rockets and power spacecraft.

	We need fuel because it is a reliable, portable, and versatile energy source that supports almost every aspect of human life. From powering homes and factories to driving vehicles and supporting global infrastructure, fuel continues to be an essential foundation of modern civilization. As we face environmental challenges, the goal is not to eliminate fuel use entirely but to shift toward cleaner, more sustainable fuels that meet our needs while protecting the planet.

	The concept of fuel encompasses any material capable of being burned or otherwise consumed in reactions that release stored chemical potential energy. Fundamentally, this energy is liberated through combustion—a process in which fuel reacts, typically with oxygen, to produce heat. Additionally, energy release can occur through other chemical and physical reactions [1, 2]. The calorific value of a fuel, which quantifies the total energy it can deliver, is a core measure used in both scientific research and industrial applications to ensure stability and predictability in energy conversion processes [1].

	This released energy can be directly converted into several useful forms. First, heat energy, often harnessed for domestic purposes such as cooking and heating, results from the exothermic nature of combustion reactions [2]. Second, mechanical energy is generated when the chemical energy stored within the fuel is converted into work, for example, in the internal combustion engines of vehicles and various industrial machines [2]. Lastly, electrical energy, critical for powering homes and cities, can be derived from generators linked to combustion processes, or through advanced methods like fuel cells, where the conversion from chemical to electrical energy occurs without intermediate mechanical work [3]. Research into novel platforms—such as thermopower waves in nanostructured materials—illustrates emerging methods to directly convert combustion energy into electrical power, thus expanding the spectrum of energy conversion (Lee et al., 2014).

	The cascade utilization of energy highlights the potential of fuel to be deployed in multiple successive applications, where the primary conversion process may yield heat that is then used to generate mechanical or electrical energy. Such integrated energy systems provide theoretical frameworks and practical designs for optimally harnessing fuels' inherent chemical potential in multi-step processes [4]. In this context, fuels are essential not only to conventional combustion-based applications but also to emerging, more sophisticated energy technologies aiming to improve efficiency and reduce environmental impact [3].

	Cascade utilization of energy refers to the process of using energy from fuel in multiple steps rather than in a single-use application. Instead of letting heat go to waste after the initial conversion, it is captured and used again in another form. For instance, fuel might first be burned to produce heat, and then that heat is reused to generate electricity or power machinery.

	This approach allows us to extract more useful energy from the same amount of fuel, which significantly increases overall efficiency and reduces waste. By doing so, we maximize the energy potential locked within the fuel.

	Cascade utilization is important because it offers a smarter and more sustainable way to use fuel. By making each step of the energy conversion process more efficient, we reduce the amount of fuel needed to achieve the same outcomes. This leads to lower fuel consumption and less environmental harm due to decreased emissions and waste.

	This principle is already being applied in advanced energy systems such as combined heat and power (CHP) plants, cogeneration systems, and some renewable energy technologies. These systems are designed to capture and reuse heat that would otherwise be lost, making them far more efficient than traditional single-use methods.

	Fuel doesn’t have to be used just once and then discarded. Through cascade utilization, it can be part of a chain of processes where the energy is reused at different stages. This not only improves efficiency but also supports more sustainable and environmentally friendly energy systems.

	Overall, the definition of fuel as a material that can be burned to release energy, and its subsequent conversion to heat, mechanical work, and electricity, forms the cornerstone of a broad spectrum of energy conversion technologies. The literature consistently reflects that the principles of combustion and energy conversion remain critical both in traditional settings (e.g., heating and transportation) and in advanced applications (e.g., fuel cell technologies and thermopower wave systems) [1-4].

	Fuel is central to powering nearly every aspect of modern society, serving as the primary energy source for multiple sectors including transportation, electricity generation, heating and cooking, industry and manufacturing, agriculture, and military and aviation applications. Foundational texts on energy systems affirm that fossil fuels and other combustible materials are integral to societal frameworks, driving innovation and economic growth across sectors [5, 6].

	In transportation, fuels such as petrol (gasoline) and diesel are extensively used in cars, trucks, buses, and motorcycles. Jet fuel is formulated specifically to power airplanes, while marine fuels are tailored for ships and tankers. Additionally, biofuels have emerged as sustainable alternatives for both road vehicles and aircraft. Detailed analyses of modern vehicular systems show that diesel engines and gas turbines remain integral for vehicle propulsion, evidencing the critical role of fuel in ensuring efficient transportation [7]. Research on urban energy demand models further emphasizes the importance of conventional fuels in supporting mass transit and aviation, while also noting the increasing role of biofuels in reducing environmental footprints [8].

	Electricity generation is another principal application of fuels. In power plants, coal, natural gas, oil, and biomass are combusted to produce steam, which drives turbines to generate electricity. This conventional method remains indispensable not only in large-scale power generation but also in backup generators that ensure grid stability during outages [6]. The reliance on fuel-derived energy for electricity production is well documented in studies that analyse the structure and sustainability of modern energy systems [5].

	Domestic heating and cooking heavily depend on various fuels. Fuels such as natural gas, wood, charcoal, and kerosene are commonly utilized in residential and commercial settings to provide heat for buildings and to cook food. Investigations into household energy consumption have revealed that fuel stacking—a practice of using a mix of traditional and modern fuels—is widespread, often driven by socioeconomic factors and efficiency needs [9]. This multifaceted fuel usage in the household sector is crucial for energy consumption dynamics and the transition towards cleaner energy sources [9].

	The industrial and manufacturing sectors depend significantly on fuel for running machines and providing the necessary thermal energy for processing and refining materials. In sectors such as metal and glass production and in oil refining, fuels are combusted to achieve the high temperatures required for these processes. Integrated energy system analyses indicate that industries are heavily reliant on a steady supply of energy from fuels to maintain operational efficiency and competitive production [5].

	In agriculture, fuel is essential for powering tractors and other farm equipment through diesel and petrol engines. Fuels are also used to heat greenhouses and facilitate the drying of crops, critical to modern agricultural practices. Recent studies point to the evolving nature of agricultural energy solutions, including the adoption of decarbonized fuels in mobile energy vehicles used for agricultural production, underscoring the sector’s transition toward more sustainable energy use [10].

	Military and aviation applications exemplify the specialization in fuel formulations. While conventional fuels such as jet fuel dominate commercial aviation, dedicated formulations and specialized fuels have been developed particularly for military vehicles and advanced weapons systems, enhancing performance and reliability under extreme conditions. Reviews of energy systems confirm that these specialized fuels are crucial to national defence and advanced aeronautical applications, reflecting stringent quality and performance requirements [5].

	Fuel functions as the backbone of modern energy usage, supporting diverse and critical applications from transportation and electricity generation to domestic, industrial, agricultural, and military needs. The extensive literature on energy systems and fuel technology consistently highlights how fuel-based energy conversion remains indispensable while also evolving toward cleaner alternatives in response to environmental and economic challenges [5].

	The following provides examples of different types of fuel, grouped by category:

	Solid Fuels: These are typically burned to produce heat and energy.

	
		Coal – Used in power plants and industrial furnaces.

		Wood – Used for heating and cooking (especially in rural areas).

		Charcoal – Used for cooking and in barbecues.

		Peat – Partially decayed plant matter, used as a traditional fuel in some regions.

		Pellets – Compressed biomass (like wood waste), used in pellet stoves.



	Liquid Fuels: These are commonly used in transportation and heating.

	
		Petrol (Gasoline) – Fuels cars, motorcycles, and light trucks.

		Diesel – Used in trucks, buses, trains, and some cars.

		Kerosene – Used in jet engines and as heating fuel.

		Heavy Fuel Oil – Used in ships and industrial engines.

		Biodiesel – A renewable fuel made from vegetable oils or animal fats.

		Ethanol – Often blended with petrol to reduce emissions.



	Gaseous Fuels: Gases used as fuel are often more efficient and cleaner burning.

	
		Natural Gas (Methane) – Used for heating, cooking, and electricity generation.

		LPG (Liquefied Petroleum Gas) – Used in home heating and cooking; also powers some vehicles.

		Hydrogen – A clean fuel for fuel cell vehicles and emerging technologies.

		Biogas – Produced from the decomposition of organic matter (e.g., in landfills or digesters).



	Each type of fuel has its own advantages, disadvantages, and uses, depending on the application, location, and available technology. 

	Modern fuels are widely used today and benefit from established infrastructure and technology. These fuels support current global transportation, industry, and energy systems while offering improved efficiency and reduced emissions compared to traditional options.

	Compressed Natural Gas (CNG) is commonly used in buses, taxis, and some private vehicles. It burns cleaner than petrol or diesel, resulting in lower emissions and less air pollution in urban areas.

	Liquefied Natural Gas (LNG) is used in heavy-duty trucks, ships, and power plants. It has a higher energy density than CNG and is easier to transport in large volumes, making it suitable for long-distance and industrial applications.

	Biodiesel is a renewable fuel made from vegetable oils or animal fats. It can be used in most diesel engines with little or no modification, offering a more sustainable alternative to petroleum-based diesel.

	Ethanol is an alcohol-based fuel derived from crops such as corn or sugarcane. It is often blended with petrol—such as in E10 or E85 fuel mixes—to reduce greenhouse gas emissions and dependence on fossil fuels.

	Electricity (Battery Storage), although not a traditional fuel, powers electric vehicles (EVs) and is an increasingly important part of modern transportation. Electricity can be generated from both renewable sources like solar and wind, and from fossil fuels, making its environmental impact dependent on the source of generation.

	Emerging fuels are still in development or early adoption stages, with the goal of providing low-carbon, renewable alternatives to traditional fossil fuels. These innovative fuels aim to improve sustainability and reduce environmental impact.

	Green Hydrogen is produced by using renewable electricity to split water molecules through a process called electrolysis. It emits no greenhouse gases when used in fuel cells or burned and is ideal for heavy transport, industrial processes, and long-term energy storage.

	Ammonia (NH₃) is being explored as a fuel for shipping and power generation. It can be used directly or serve as a hydrogen carrier, offering a potential zero-carbon solution when produced from renewable sources.

	Synthetic Fuels (E-fuels) are created by combining captured carbon dioxide (CO₂) with green hydrogen. These fuels can directly replace petrol, diesel, or jet fuel in existing engines and are considered carbon-neutral if produced using renewable energy.

	Algae-Based Biofuels are derived from microalgae that naturally produce oil. These oils can be refined into biodiesel or jet fuel. Algae grow rapidly and don’t compete with food crops, making this a promising and sustainable biofuel option.

	Dimethyl Ether (DME) is a clean-burning alternative to diesel and LPG. It can be produced from biomass or natural gas and is compatible with modified diesel engines.

	Methanol, made from natural gas, biomass, or captured CO₂, is used as fuel in some race cars and ships. It is also a key ingredient in the production of other chemicals and synthetic fuels, making it a versatile and potentially greener fuel option.

	As further examples, the following describes fuels used for rocket propulsion and space travel.

	One of the most commonly used fuel types in modern space travel is liquid propellant, which typically consists of a liquid fuel and a liquid oxidizer. A classic example is the combination of liquid hydrogen (LH₂) and liquid oxygen (LOX), used in the main engines of NASA’s Space Shuttle and in the upper stages of many launch vehicles. When ignited, this mixture produces extremely high thrust and clean byproducts—mainly water vapor. Another well-known liquid propellant is RP-1, a highly refined kerosene, often used with LOX. This combination powers rockets such as the Falcon 9 from SpaceX and the historical Saturn V first stage. RP-1 is denser and easier to handle than hydrogen, though it produces more carbon emissions.

	Solid rocket fuels are pre-mixed combinations of fuel and oxidizer in a solid state. They are known for their simplicity, reliability, and ability to provide instant thrust. These fuels are used in booster rockets like those on the Space Shuttle’s solid rocket boosters (SRBs) and intercontinental ballistic missiles (ICBMs). A typical solid propellant might include ammonium perchlorate as the oxidizer and powdered aluminium as the fuel, mixed into a rubbery binder that also acts as a fuel. Once ignited, solid fuel burns rapidly and cannot be stopped or throttled, making it ideal for quick, powerful liftoffs.

	Hypergolic fuels ignite instantly upon contact with an oxidizer, making them valuable for spacecraft that need reliable engine restarts, such as for orbital manoeuvring or descent stages. A common hypergolic fuel is unsymmetrical dimethylhydrazine (UDMH) paired with nitrogen tetroxide (N₂O₄). These were used in the Apollo Lunar Module, Soviet Soyuz spacecraft, and many interplanetary missions. Hypergolic propellants are highly toxic and corrosive, but they provide simplicity in ignition systems and long-term storability, which is critical for deep space missions.

	Future and experimental propulsion systems are exploring advanced fuels and technologies. Ion propulsion systems, for example, use gases like xenon, which are electrically charged (ionized) and expelled at high speeds to produce thrust. These systems are extremely fuel-efficient but provide very low thrust, suitable for long-duration deep space missions such as NASA's Dawn spacecraft. Nuclear thermal propulsion is another concept under development, where a nuclear reactor heats a propellant like hydrogen, which then expands through a nozzle to create thrust. This technology promises faster travel to distant planets like Mars.

	 

	Energy and Combustion 

	The concepts of energy and combustion are central to any discussion about fuel because they explain how fuels work, why they are valuable, and how they are applied in real-world systems. Understanding these concepts allows us to measure, compare, and improve the performance and sustainability of various fuel types.

	At the core of fuel usage is energy—the capacity to do work. Fuels are essentially carriers of stored energy, and the reason we use them is to release that energy in useful forms, such as heat, motion, or electricity. Whether we’re driving a car, powering a factory, flying a plane, or heating a home, the energy stored in fuels is what makes it all possible. Without an understanding of how energy is stored, transferred, and used, we can’t evaluate the true effectiveness of one fuel over another or design systems that use fuel efficiently.

	Combustion is the main method through which fuel’s stored chemical energy is released. It is a chemical reaction—usually between a fuel and oxygen—that produces heat and light. This heat is then converted into mechanical or electrical energy through engines or turbines. Understanding combustion helps us identify the conditions needed for complete fuel burning, which leads to maximum energy output and minimal emissions. Concepts like stoichiometric ratios, efficiency, and emission control all depend on a deep understanding of combustion.

	In practical terms, knowledge of energy and combustion enables engineers and scientists to:

	
		Select the most appropriate fuel for a specific task, considering factors like energy density, environmental impact, and availability.

		Design efficient engines and power systems that use fuel effectively and safely.

		Improve combustion technologies to reduce fuel consumption and harmful emissions.

		Explore alternatives to combustion, such as fuel cells or electric power, especially for cleaner energy solutions.



	These concepts are also essential when addressing modern challenges like climate change, fuel sustainability, and energy transition. To reduce the global reliance on fossil fuels and move toward renewable energy, we must understand how fuels work at a chemical and energetic level so we can develop cleaner alternatives that still meet society’s power demands.

	Energy is the capacity to do work or produce change. In the context of fuel and power systems, energy is stored in the chemical bonds of substances and can be released through processes like combustion. Combustion is a chemical reaction, usually between a fuel and an oxidizer (most commonly oxygen from the air), that produces heat and light. This reaction transforms the chemical energy stored in the fuel into thermal energy, which can then be used to generate motion, electricity, or other forms of useful energy.

	At its core, combustion is an exothermic reaction, meaning it releases energy. When a fuel like wood, coal, petrol, or natural gas burns, its carbon (C) and hydrogen (H) atoms react with oxygen (O₂). The carbon forms carbon dioxide (CO₂), and the hydrogen forms water (H₂O), releasing heat in the process. The energy output of this reaction depends on the type of fuel and its composition. For instance, hydrogen-rich fuels like natural gas tend to burn hotter and cleaner than carbon-heavy fuels like coal.

	The energy released from combustion is often harnessed in mechanical systems such as car engines, turbines, and power plants. In a car engine, for example, fuel combustion pushes pistons, which turns the crankshaft and drives the vehicle. In power stations, the heat from burning fuel turns water into steam, which spins turbines connected to electricity generators.

	Combustion can occur in open systems, like a fireplace, or in controlled environments, such as engines or furnaces. The efficiency of combustion—the percentage of fuel’s energy that is actually converted into useful energy—can vary. Incomplete combustion, for example, happens when there is not enough oxygen, producing carbon monoxide (CO) and soot instead of CO₂ and water. This not only reduces efficiency but also increases pollution.

	Modern technology focuses on improving combustion efficiency while minimizing harmful emissions. This includes better engine design, cleaner-burning fuels, and emission control systems. Additionally, alternative energy systems like fuel cells and electric power aim to reduce or replace combustion entirely to reduce environmental impact.

	The amount of energy that can be extracted from a fuel depends on two main factors: its specific energy and its stoichiometric air–fuel ratio. These factors together determine how efficiently and completely a fuel can be burned in a controlled environment, such as an engine or a combustion chamber.

	Specific energy refers to the amount of energy released per unit mass of fuel, typically measured in megajoules per kilogram (MJ/kg). This tells us how much energy is stored in each kilogram of the fuel. For instance, hydrogen has a very high specific energy of 142 MJ/kg, while methanol is much lower at 19.7 MJ/kg. This makes hydrogen an extremely energy-dense fuel by weight.

	Specific energy is a fundamental concept in energy science and engineering that refers to the amount of energy stored in a given mass of a substance. It is typically expressed in units such as megajoules per kilogram (MJ/kg) or sometimes kilowatt-hours per kilogram (kWh/kg). The term is used to describe how much energy a fuel or material can release per kilogram when it is fully consumed or converted. This measurement is especially important when comparing different types of fuels and energy storage systems, as it helps determine which fuels are more energy-dense and efficient by weight.

	The higher the specific energy of a fuel, the more energy it can deliver for each kilogram used. For example, hydrogen has an exceptionally high specific energy of about 142 MJ/kg, which means it can release more energy per kilogram than most other fuels. In contrast, methanol has a much lower specific energy of around 19.7 MJ/kg, meaning more methanol would be required to produce the same amount of energy as a smaller quantity of hydrogen. This is why hydrogen is often considered a promising fuel for future applications, especially in aerospace and long-distance transportation, where weight is a critical factor.

	Specific energy is not only important in combustion-based fuels like diesel, gasoline, and natural gas, but also in batteries and other energy storage systems. For instance, lithium-ion batteries, commonly used in electric vehicles and portable electronics, have specific energy values in the range of 100–250 Wh/kg (which converts to about 0.36–0.90 MJ/kg), significantly lower than conventional fuels. This comparison explains why, despite their environmental advantages, electric vehicles currently face limitations in driving range and require heavier battery packs compared to the lightweight energy storage of liquid fuels.

	In practical terms, specific energy helps engineers and designers make informed decisions about which energy source to use for a particular application. For air travel, where every kilogram matters, fuels with high specific energy are ideal. For stationary energy storage, where space and weight are less important, fuels or systems with lower specific energy might still be acceptable if they offer other advantages like safety, availability, or environmental benefits.

	However, simply knowing the energy per kilogram is not enough. Combustion requires oxygen, usually supplied through air, and the stoichiometric air–fuel ratio tells us the chemically correct amount of air needed to completely burn a specific fuel. This ratio ensures that both the fuel and the oxygen are fully consumed in the combustion process, with no leftover fuel (which causes pollution) or excess air (which cools the flame and reduces efficiency). For example, gasoline requires about 14.7 parts of air for every 1 part of fuel, while hydrogen requires much more—34.3:1—due to its light weight and high reactivity.

	The stoichiometric ratio, also known as the stoichiometric air–fuel ratio, is the chemically correct proportion of air to fuel needed for complete combustion. This means that all of the fuel and all of the oxygen in the reaction are entirely consumed, leaving no excess fuel or oxygen. When this balance is achieved, the reaction is most efficient, producing the maximum possible energy output and minimizing the creation of harmful byproducts such as carbon monoxide (CO) or unburned hydrocarbons.

	During combustion, oxygen from the air reacts with the hydrocarbons present in fuel. The precise air–fuel ratio required for complete combustion depends on the chemical makeup of the fuel, since different fuels contain different amounts of carbon, hydrogen, and sometimes oxygen. Gasoline, for example, requires about 14.7 parts of air for every one part of fuel to achieve stoichiometric combustion. Ethanol, which already contains oxygen in its molecular structure, requires less air, with a stoichiometric ratio of approximately 9:1. Hydrogen, being a very light and reactive element, needs significantly more air to burn completely, with a stoichiometric ratio of around 34.3:1.

	The air–fuel equivalence ratio, denoted by λ (lambda), is a way of describing whether the mixture is rich, lean, or perfectly balanced. A λ value of 1 indicates a stoichiometric mixture, where the air and fuel are in the exact proportions needed for complete combustion. This is the ideal condition assumed in most fuel efficiency and emission calculations.

	While the stoichiometric ratio represents the ideal mixture, real-world engines often adjust the air–fuel balance depending on performance needs. Engines running a lean mixture have more air than the stoichiometric requirement (λ > 1). This can improve fuel economy and reduce some pollutants, but it may also lead to higher combustion temperatures and increased nitrogen oxide (NOₓ) emissions. On the other hand, engines running a rich mixture have less air than needed (λ < 1), which can produce more power but also results in higher emissions and less efficient fuel use.

	Understanding the stoichiometric ratio is essential for designing and operating efficient combustion systems. It helps engineers develop engines and energy systems that deliver optimal performance while controlling emissions and minimizing fuel waste. In both automotive and industrial applications, maintaining or carefully adjusting the stoichiometric ratio is a key factor in achieving clean, efficient, and effective combustion.

	When we combine the specific energy and the stoichiometric air–fuel ratio, we can calculate how much energy is released per kilogram of air, which is useful for understanding how much usable energy we get in practical combustion systems. 

	 

	Table 1: Energy capacities of common types of fuel.

	
		
				Fuel type 

				Specific energy
(MJ/kg) 

				Air–fuel ratio
(stoichiometric) 

				Energy @ λ=1
(MJ/kg(Air)) 

		

		
				Diesel 

				48 

				14.5: 1 

				3.310 

		

		
				Ethanol 

				26.4 

				9: 1 

				2.933 

		

		
				Gasoline 

				46.4 

				14.7: 1 

				3.156 

		

		
				Hydrogen 

				142 

				34.3: 1 

				4.140 

		

		
				Kerosene 

				46 

				15.6: 1 

				2.949 

		

		
				LPG 

				46.4 

				17.2: 1 

				2.698 

		

		
				Methanol 

				19.7 

				6.47: 1 

				3.045 

		

		
				Methane 

				55.5 

				17.2: 1 

				3.219 

		

		
				Nitromethane 

				11.63 

				1.7: 1 

				6.841 

		

	

	 

	This is shown in the column labelled "Energy @ λ=1 (MJ/kg(Air))". It gives a more realistic picture of the fuel’s performance in air. For example:

	
		Nitromethane, although it has a low specific energy of 11.63 MJ/kg, has a very low air–fuel ratio of 1.7:1, meaning it needs very little air to burn. This gives it a surprisingly high energy per kilogram of air—6.841 MJ/kg(Air)—which makes it useful in drag racing engines where extreme short bursts of power are needed.

		Hydrogen, with the highest specific energy, also performs well in terms of energy per kilogram of air (4.140 MJ/kg(Air)), even though it needs a large volume of air to burn. This is why it's considered a top candidate for clean energy applications.



	Other fuels such as diesel, gasoline, and methane offer a balance between energy density and air requirements. Diesel, for example, has a high specific energy of 48 MJ/kg and a typical air–fuel ratio of 14.5:1, yielding 3.310 MJ/kg(Air). Methane, used in natural gas systems, also performs well with 3.219 MJ/kg(Air).

	In practice, these values help engineers and scientists design efficient combustion systems, such as engines and turbines, by selecting the right fuel for the application, balancing performance, fuel availability, and emissions. It also highlights why some fuels are more suited to specific uses—hydrogen for space and clean transport, diesel for heavy-duty engines, and LPG or ethanol for cleaner-burning alternatives.

	Hydrocarbon fuels such as diesel, gasoline, and kerosene are known to possess high specific energy values, typically in the range of 46–48 MJ/kg. Their stoichiometric air–fuel ratios are generally around 14–15:1, which results in energy releases per kilogram of air (MJ/kg(Air)) in the vicinity of 3.1–3.3 MJ/kg(Air). Such data are reflective of the concentrated carbon–hydrogen bonds in these fuels and have been consistently reported in works analysing stoichiometric combustion through air oxidation equations [11, 12]. These values underscore the energy density of traditional hydrocarbon fuels and provide a benchmark for comparison with oxygenated and alternative fuels.

	Oxygenated fuels, by contrast, tend to exhibit lower specific energy values due to the intrinsic presence of oxygen in their molecular structure. Ethanol and methanol, for example, have specific energies of approximately 26.4 MJ/kg and 19.7 MJ/kg, respectively. Their corresponding stoichiometric air–fuel ratios are lower than those of hydrocarbons (about 9:1 for ethanol and 6.47:1 for methanol), leading to energy outputs per kilogram of air that are slightly less than those for diesel or gasoline, despite maintaining reasonable combustion characteristics [11]. In some applications, these fuels are blended with hydrocarbon fuels to leverage their high octane numbers and improved emission profiles while attempting to sustain energy delivery [11].

	Hydrogen presents a markedly different profile, with an exceptionally high specific energy of roughly 120 MJ/kg. However, its very lean stoichiometric air–fuel ratio (approximately 34.3:1) means that a larger mass of air is required to achieve complete combustion. Nevertheless, when normalized to the mass of air, hydrogen delivers an energy value of about 3.0 MJ/kg(Air), which is beneficial in contexts where weight is a critical factor [13]. Similarly, liquefied petroleum gas (LPG) and methane, which are commonly used in alternative fuel scenarios, have specific energy values of approximately 46.4 MJ/kg and 55.5 MJ/kg, respectively, with stoichiometric ratios near 17.2:1. These figures ensure that—with normalization to the amount of air—the energy release remains competitive with that of conventional fuels [12].

	Nitromethane, though less common and primarily used in high-performance or specialized applications (such as drag racing), exhibits a unique behaviour with a low specific energy of about 11.63 MJ/kg; its stoichiometric air–fuel ratio is exceptionally low (around 1.7:1), resulting in a high energy-per-unit-air mass of approximately 6.84 MJ/kg(Air). This anomaly is attributed to its high oxygen content, which facilitates combustion with a relatively small volume of air [11]. Despite its lower overall energy content, the high combustion intensity of nitromethane makes it a point of interest in niche applications.

	 

	Fuel vs. Energy

	The concepts of fuel and energy, although interconnected, represent fundamentally distinct ideas crucial for understanding energy systems and their applications. Fuel is defined as a material—be it solid, liquid, or gas—that possesses stored chemical energy, which can be released through various processes such as combustion or electrochemical reactions. Common examples include coal, gasoline, natural gas, and alternative sources like ethanol and hydrogen. Fuels, therefore, act as carriers of energy but do not constitute energy in and of themselves; rather they are the mediums through which energy is unlocked and made usable [14, 15].

	Energy, conversely, refers to the capacity to perform work or instigate change and is not a tangible substance. It manifests in various forms, including thermal (heat), mechanical, electrical, chemical, and kinetic energy. The transition of energy from one form to another underpins the utility of fuels. For instance, when wood is combusted, the chemical energy contained within its structure is transformed into thermal energy, which can subsequently be utilized for heating or cooking [16, 17]. This illustrates the dynamic where fuel functions primarily as the source, and energy is the resultant product of its conversion [18].

	Understanding the distinction between fuel and energy has significant implications, especially in the context of modern applications across environmental policy, engineering, and energy efficiency strategies. As nations transition towards more sustainable practices, the selection of fuels and the pursuit of renewable energy sources become pivotal in reducing dependency on fossil fuels and mitigating environmental impacts. The efficacy of energy systems hinges on the effective transformation of fuel into usable energy forms, necessitating a careful consideration of energy efficiency, emissions, and technological advancements in fuel production and utilization [19, 20].

	The necessity for efficient energy use is underscored by the global commitment to sustainable energy transitions. As economic development progresses, the "energy ladder" theory suggests that improvements in income lead individuals to migrate from traditional biomass fuels to cleaner, more modern energy sources [21, 22]. This shift is indicative of a broader movement towards accessing not only cleaner but also more efficient energy solutions, facilitating growth without compromising environmental integrity or resource availability. Therefore, delineating the roles of fuel as a source and energy as its product is critical for informed decision-making in energy policy and management [23, 24].

	 

	Energy Density

	In physics, energy density refers to the amount of energy stored in a given volume of a system or material. It is calculated by dividing the total energy by the volume in which it is contained, resulting in units such as joules per cubic meter (J/m³). This measurement is crucial for evaluating how much usable energy a substance or system can deliver in relation to its physical space. Typically, when we talk about energy density in practical contexts, we are referring to the extractable or usable energy, not necessarily the total theoretical energy present.

	It’s important to distinguish energy density from specific energy. While energy density measures energy per unit volume, specific energy (also called gravimetric energy density) refers to energy per unit mass, typically measured in megajoules per kilogram (MJ/kg). These two properties help us evaluate and compare fuels or energy storage systems based on how much energy they contain and how compact or lightweight they are.

	Different types of energy storage correspond to different types of reactions. These reactions vary in the amount of energy they release. At the highest end of the energy spectrum are nuclear reactions, which occur in stars and nuclear reactors. These release enormous amounts of energy due to changes in the nucleus of atoms. Next are chemical reactions, such as combustion and electrochemical processes, which power cars, machines, and biological organisms. Liquid hydrocarbons—such as gasoline, diesel, and kerosene—are among the densest and most practical chemical fuels available today. For instance, 1 kg of diesel burns with about 15 kg of air, demonstrating its high chemical energy density.

	Other sources of energy include electrical energy, pressure energy, material deformation, and electromagnetic fields. In homes around the world, people rely on the combustion of local biomass fuels—like wood, charcoal, or kerosene—for heating, cooking, and lighting. In electronics, electrochemical energy stored in batteries powers devices like phones and laptops through controlled chemical reactions.

	Interestingly, energy density has the same physical units as pressure, and in many systems, it behaves in similar ways. For example, the energy density of a magnetic field can be expressed as an equivalent pressure. In thermodynamics, compressing a gas involves work that can be measured by multiplying pressure differences by changes in volume. This demonstrates how energy density, pressure, and the ability to perform work are deeply linked. In fields like cosmology and general relativity, energy density is part of the stress–energy tensor, which includes both mass energy and the effects of pressure, influencing the curvature of spacetime and the dynamics of the universe.

	In chemical systems, the amount of energy we consider depends on the intended use. One measure is exergy, which represents the theoretical amount of useful thermodynamic work a system can perform under certain conditions. Another is the Gibbs free energy, which is particularly useful when calculating the electrical energy that can be extracted from chemical reactions under standard conditions. However, when fuels are burned for heat or used in heat engines, the most relevant measurement is the enthalpy change, also known as the heat of combustion.

	The heat of combustion can be expressed in two ways: the higher heating value (HHV) and the lower heating value (LHV). The HHV includes all the heat released when the combustion products cool to room temperature and the water vapor condenses. The LHV, on the other hand, excludes this condensation heat and sometimes the full cooling effect, making it a more conservative estimate of usable heat. These values are important when comparing fuels for heating and engine applications.

	When it comes to energy storage, energy density is used to assess how much energy can be stored in a given volume, such as a fuel tank or battery. This is especially important in transportation, where space and weight are limited. Fuels with high volumetric energy density, like gasoline, are ideal for vehicles because they allow for long travel ranges without occupying too much space. In contrast, batteries like lithium-ion have relatively low energy density, meaning they must be larger or heavier to deliver the same amount of energy as a small tank of fuel.

	Some values used to compare fuels may not include the weight of the oxidizer, which is often drawn from the air in practical systems. This is why substances that contain their own oxidizer, like gunpowder or TNT, may appear to have lower energy densities. The added mass of the oxidizer, and the energy used to release oxygen during combustion, affect their overall energy performance. In some cases, this leads to surprising comparisons—for instance, a sandwich might technically have a higher energy density than a stick of dynamite when measured without the need for external oxygen.

	Because of gasoline's high energy density, finding alternatives that can store similar amounts of energy in the same volume is a major challenge. Hydrogen fuel cells and batteries are promising technologies but often have far lower energy densities. For example, the same mass of lithium-ion batteries might only offer about 2% of the driving range of gasoline. To match that range, significantly more volume or advanced storage solutions would be needed. Research into supercapacitors, solid-state batteries, and other emerging technologies is underway to improve energy density and charging speed.

	No single energy storage solution is perfect in terms of specific power, specific energy, and energy density. For example, Peukert’s law explains that in a lead-acid battery, the faster energy is drawn, the less energy is actually available, showing how usage rate impacts performance [25-27].

	While energy density tells us how much energy is stored, it doesn’t tell us how efficiently that energy can be converted into useful work. Real-world engines and systems lose energy to friction, heat, and other inefficiencies. As a result, the specific fuel consumption—how much fuel is used to perform a task—is always higher than the actual kinetic energy output.

	It’s also important to distinguish energy density from energy conversion efficiency and embodied energy, which refers to the total energy required to produce, refine, transport, and manage the environmental impact of a fuel or storage device. High-energy-density systems may still be environmentally costly, so energy choices must consider not just performance, but also climate impact, resource use, and long-term sustainability.

	 

	 


Chapter 2
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	A Brief History of Fuel Use 

	 

	 

	Having explored the definition, types, and scientific foundations of fuel in Chapter 1, we now turn to how fuel has shaped human civilisation over millennia. To understand today’s energy challenges—and the urgency of moving toward net zero—it is vital to look back at how our use of fuel evolved, from primitive biomass to the industrial-scale extraction of coal, oil, and gas.

	Chapter 2 takes us on a journey through time, examining the critical role of fuels in economic development, technological advancement, and global power dynamics. From early wood-burning hearths and charcoal kilns to the transformative age of steam, oil booms, and nuclear ambition, this chapter traces how each energy era redefined society’s capabilities and constraints.

	By understanding the historical patterns of fuel discovery, adoption, and dominance, we gain perspective on the cultural, political, and environmental legacies still influencing energy decisions today. This context is essential as we examine the modern fuel landscape—and the shift it must now undergo—to meet the demands of a sustainable and carbon-neutral future.

	 


Early Human Use of Biomass

	Biomass as a Fuel

	Biomass is organic material that originates from plants, animals, and microorganisms. It includes a wide range of natural substances such as wood, crop residues, agricultural waste, animal manure, algae, and even organic waste generated from households and industries. Biomass is regarded as a renewable energy source because its raw materials—plants and organic matter—can be regrown or replenished within a relatively short time frame, especially when compared to fossil fuels that take millions of years to form.
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	Figure 1: Types of biomass. Shunkehe, CC BY-SA 4.0, via Wikimedia Commons.

	 

	The value of biomass as a fuel lies in the chemical energy stored within its organic molecules, primarily carbon, hydrogen, and oxygen. This energy originally comes from the sun. Plants absorb solar energy during photosynthesis and store it in the form of carbohydrates, oils, and other compounds. When biomass is burned or otherwise processed, this stored energy is released, making it available for use in various forms of energy production.

	One of the most traditional uses of biomass is direct combustion. This involves burning biomass materials to generate heat, often for cooking, space heating, or producing steam in industrial settings. Materials like wood logs, wood chips, and dried agricultural waste are commonly used in open fires or specifically designed stoves and furnaces, especially in rural and developing regions.

	Biomass can also be used to generate electricity. In power plants, organic materials are burned to produce steam, which drives turbines that in turn generate electrical power. Some modern facilities use a method called co-firing, where biomass is burned alongside coal to lower greenhouse gas emissions while maintaining reliable power output.

	Another important use of biomass is in biogas production. This process involves anaerobic digestion, where organic material decomposes in the absence of oxygen. The result is biogas—a mixture of methane and carbon dioxide—which can be used for cooking, heating, or producing electricity. Common feedstocks for biogas include animal manure, food waste, and sewage sludge, making it a valuable solution for both energy production and waste management.

	Biomass is also converted into liquid fuels known as biofuels, which are used in the transportation sector. Ethanol, derived from crops like corn or sugarcane, is often blended with petrol and used in conventional petrol engines. Biodiesel, produced from vegetable oils or animal fats, is suitable for diesel engines. These fuels are renewable and compatible with existing vehicle technologies, offering a cleaner alternative to petroleum-based fuels.

	In addition to these conventional methods, biomass can be processed through advanced conversion technologies such as gasification and pyrolysis. Gasification involves heating biomass in limited oxygen to create syngas, a fuel-rich gas that can be used for electricity generation or chemical production. Pyrolysis, on the other hand, involves heating biomass in the absence of oxygen to produce bio-oil, gases, and biochar. These technologies are aimed at producing more efficient and cleaner fuels for industrial use and emerging energy systems.

	 

	Historical Use of Biomass

	The history of fuel use reflects a long evolutionary process that begins with early hominids and extends to the complex energy regimes of modern society. It is widely acknowledged that the combustion of wood and other biomass sources was employed by early human ancestors, with researchers suggesting that even Homo erectus may have used fire for warmth, cooking, and protection [28]. This early use of organic fuel, derived from plants or animal fat, remained the dominant energy source for the vast majority of human history until more concentrated fuels were harnessed.
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	Figure 2: Wood as fuel for combustion. Scott Marley from Falkirk, Scotland, CC BY 2.0, via Wikimedia Commons.

	 

	The production and extensive use of charcoal mark one of the earliest technological innovations in fuel usage. Charcoal has been documented to have been produced as early as 6000 BCE for applications such as metal melting, with studies linking charcoal kiln sites to historical forest management practices [29]. Research demonstrates that charcoal production played a significant role in various regions during early industrialization; however, its role gradually diminished as European furnaces began to rely more on fossil fuels like coke derived from coal [30]. The depletion of European forests in the 18th century, along with the subsequent transition from charcoal to coke, illustrates a critical shift in fuel sources driven by resource scarcity and technological change [29, 30].

	In a parallel development, the distillation of crude oil was pioneered by Persian chemists, with medieval Arabic texts providing some of the earliest detailed accounts of transforming petroleum into kerosene and other hydrocarbon compounds. This tradition continued well into the medieval period, evidenced by the exploitation of natural petroleum deposits for urban infrastructure, as shown by examples such as tar paving in Baghdad and the oil fields of the Caucasus region noted by both Arab geographers and travellers like Marco Polo [28].

	The advent of the steam engine in Britain circa 1769 initiated a transformative era in energy usage. The steam engine's reliance on coal, which provided a more energy-dense alternative to organic fuels, catalysed a widespread shift in energy consumption patterns. Detailed examinations of steam engine technology and its dissemination have been provided by various researchers [31, 32], who document the spatial and technological spread of steam power. The adoption of steam engines was influenced by coal prices and availability, which were critical factors in the transition from traditional energy sources [32]. This period also witnessed the extensive use of coal in diverse applications—from powering locomotives and ships to providing gas for street lighting in cities like London [33].

	The extensive use of fossil fuels during the Industrial Revolution—driven by their superior concentration and flexibility compared to traditional biomass fuels—has profoundly shaped the energy landscape into the modern era. Industrial advancements have heavily relied on coal to power steam engines and generate electricity, accounting for a significant portion of global electrical production [33]. However, the concurrent environmental challenges, including global warming and air pollution, have led to a shift toward renewable fuels, such as biofuels and alcohol-based energy carriers. Contemporary studies emphasizing the integration of fossil energy with renewable systems highlight efforts to reduce CO2 emissions while meeting energy demands [34].

	 

	The Discovery of Coal and Oil

	The discovery and use of coal and oil span thousands of years and have played a vital role in shaping human civilization, technology, and the global economy. These two fossil fuels—formed from ancient organic matter through heat and pressure over millions of years—have provided the energy foundation for societies past and present. Understanding their historical journey helps to explain how modern energy systems evolved and why transitioning away from fossil fuels is a global priority today.

	The discovery, utilization, and transformation of fossil fuels such as coal and oil have fundamentally shaped human civilization, technological progress, and the global economy over millennia. Fossil fuels, generated from ancient organic matter that, over millions of years, underwent chemical transformation under heat and pressure, provided the energy foundation for early human societies and later catalysed the industrial transformations that underpin contemporary economic systems [35]. Early evidence from various cultures, including ancient Chinese and Roman societies, indicates that coal was initially discovered and used as a basic source of heat—for cooking and warming—long before its systematic exploitation during the Industrial Revolution [35]. The gradual embrace of coal culminated in its pivotal role during the steam-engine era, which not only revolutionized manufacturing and transportation but also laid the groundwork for modern energy systems.

	Coal is one of the earliest known fuels used by humans. Its origins as a heat source date back to prehistoric times, when ancient people discovered that certain black rocks could burn. Archaeological evidence indicates that coal was used in China and among the Romans for heating and cooking. Around 4,000 years ago in northern China, people began burning coal for warmth and other basic needs. The Romans later adopted coal, even transporting it from Britain to Rome for use in public bathhouses.
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	Figure 3: Bituminous coal is a type of sedimentary rock and a medium-grade coal that forms part of the geological progression of coal types. It sits between sub-bituminous coal and anthracite in terms of carbon content, moisture, and energy output. Amcyrus2012, CC BY 4.0, via Wikimedia Commons.

	 

	Coal's importance grew slowly but steadily. By the 1200s, it was becoming more common in places like London, where growing populations made it difficult to source enough firewood. During the Industrial Revolution in the 18th and 19th centuries, coal use surged dramatically. The invention of the steam engine, particularly the Newcomen engine in 1712, created massive demand for coal as a fuel for steam power. Factories, trains, and ships relied on it, turning coal into the powerhouse of industrial society.

	In Australia, coal mining began in the late 1700s, coinciding with European colonization. It quickly became a cornerstone of the developing economy. Today, Australia is one of the world’s leading producers and exporters of coal, particularly black coal used for power generation and steel production, and brown coal, often used in domestic energy markets.

	Similarly, the early use of oil can be traced back thousands of years to civilizations such as China, where crude petroleum was used for lighting and heating purposes [35]. The emergence of the modern oil industry in the 19th century, marked by pivotal events such as Edwin Drake’s pioneering commercial drilling, signalled a rapid evolution from localized use to global reliance on oil as a versatile energy source [35]. This transition was characterized by a diverse range of applications—from lubricants and kerosene for lighting to fuelling the internal combustion engines of automobiles—which in turn transformed economic structures and geopolitical dynamics [35]. The extensive economic and political influence of oil has not only shaped trade and industry but also established it as a crucial factor in international relations and energy security.

	Like coal, oil has been used by humans for thousands of years. Chinese civilizations were among the first to discover and use petroleum, as early as the 4th century BC. They transported crude oil through bamboo pipelines and used it for lighting and heating. However, oil remained a limited and localized energy source for centuries.

	The modern oil era began in the 19th century. In 1858, oil was discovered in Oil Springs, Ontario, Canada, sparking one of North America’s first oil booms. Just a year later, in 1859, Edwin Drake successfully drilled the first commercial oil well in Titusville, Pennsylvania, setting the stage for the global oil industry. The discovery of vast reserves at Spindletop, Texas, in 1901 further transformed oil from a novelty into an energy giant.

	Initially used as a lubricant and for lighting (in the form of kerosene), oil's role expanded with the invention of the internal combustion engine by Nikolaus Otto in the 1860s. This engine, which powered early automobiles, ran on fuels refined from crude oil. The rise of motor vehicles, along with increasing demand for electricity and industry, cemented oil’s position as a dominant fuel throughout the 20th century.

	By the early 1900s, products like gasoline, kerosene, and diesel were refined from crude oil and widely used in transportation, agriculture, and military applications. Bertha Benz's pioneering 66-mile car trip in 1888, where she bought benzene at a pharmacy to refuel, famously marked the first long-distance automobile journey and highlighted oil’s role in shaping modern mobility.

	The continuing legacy of fossil fuels is underscored by their deeply embedded infrastructure in modern economies. The sustained use of these energy sources has underpinned industrial development around the world, while simultaneously contributing to significant environmental impacts such as greenhouse gas emissions and climate change concerns [35]. As much as fossil fuels have driven progress, their formation over geological timescales and the rapid pace of their consumption highlight their non-renewable nature—a duality that presents enduring challenges in the transition toward more sustainable energy systems [36]. Consequently, understanding the extensive historical journey of coal and oil—from their early discovery and primitive applications to their central role in today’s energy mix—not only illuminates the evolution of global energy systems but also clarifies the urgent need for a strategic shift to cleaner alternatives.

	By 2022, fossil fuels accounted for over 80% of the world’s primary energy consumption and more than 60% of global electricity generation [37]. Their widespread use has made them the backbone of industrial development and economic growth. However, the environmental consequences have been severe. Burning fossil fuels is the largest source of greenhouse gas emissions, particularly carbon dioxide (CO₂), contributing significantly to climate change, ocean acidification, and air pollution [38].

	Fossil fuel combustion releases not only CO₂ but also harmful particulates and toxic gases, which are responsible for millions of premature deaths globally each year. In fact, air pollution related to fossil fuel use is estimated to cost the world more than 3% of its global GDP annually.

	Due to these impacts, there has been growing momentum to transition to cleaner and renewable energy sources, such as solar, wind, and bioenergy. International agreements like the Paris Climate Accord, and the United Nations Sustainable Development Goals, emphasize the importance of reducing dependence on fossil fuels. Agencies like the International Energy Agency (IEA) have stated that no new fossil fuel extraction projects can be justified if the world is to meet its climate targets.

	Oil has not only powered industries but has also become a major geopolitical asset. Since oil fields are concentrated in specific regions of the world, many countries are oil-dependent on a few producing nations. This dependence has shaped international relations, trade policies, and even military strategies.

	The rise of companies like the Pennsylvania Rock Oil Company, and later Standard Oil, founded by John D. Rockefeller, marked the birth of the global oil industry. The economic and strategic importance of oil increased significantly during the World Wars, and since then, oil has remained a key factor in global politics and economics.

	 

	The Rise of Industrial Fuel Consumption

	The Industrial Revolution marked a significant transition in energy consumption, fundamentally altering economies from agrarian bases to industrial powerhouses reliant on fossil fuels. This shift commenced in the 18th century, primarily as societies began to abandon traditional biomass sources—such as wood—for more energy-dense alternatives like coal. Prior to the Industrial Revolution, energy for heating and cooking was predominantly derived from organic material, but the growing urban population necessitated a more robust and efficient energy source. Schuster et al. noted that the anthropogenic emissions of mercury are primarily linked to coal combustion, illuminating the escalating scale of industrial fuel usage during this era [39].

	As industries expanded, the demand for energy surged. Coal emerged as the primary fuel source due to its abundance and significantly higher energy density compared to wood, which was insufficient for the increasing power needs of industrial processes [40]. The introduction of the steam engine, which utilized coal to produce mechanical energy, revolutionized manufacturing. Factories proliferated, railways expanded, and steam-powered vessels became prevalent, driving rapid industrial growth. This pivotal change in production methods not only met the demands of burgeoning industries but also facilitated urbanization, as noted by Wrigley, who highlighted that the Industrial Revolution vastly increased productivity and transformed societal structures [41].

	Manufacturing capabilities were significantly enhanced by the efficiency and cost-effectiveness of coal. The UK, with its abundant coal reserves, rapidly advanced in industrial production, with coal output playing a crucial role in urban population growth during the period from 1750 to 1900, effectively driving the narrative of industrialization in Europe [42]. Concurrently, the exploitation of coal resources led to the establishment of vast transportation networks to supply industries, fundamentally changing energy infrastructures [43].

	As the 19th century progressed into the 20th century, a new evolution in fuel consumption arose with the advent of petroleum. The discovery and commercialization of oil refined its influence on industrial activity, marking the transition from coal as the dominant energy source [44]. Oil's advantages in transportability and versatility became particularly integral with the development of the internal combustion engine, facilitating not only increased efficiency in industrial machinery but also revolutionizing transportation and military applications [45]. This shift further accelerated global industrialization and integration into the world economy.

	Throughout the 20th century, industrial fuel consumption remained on an upward trajectory. The growth of heavy industries and the mass production of goods continued to drive energy demands [46]. However, this relentless pursuit of energy came at a cost, as extensive fossil fuel combustion led to significant environmental challenges, including heightened greenhouse gas emissions and pollution [47]. The impacts of this industrialization narrative have cemented fossil fuels as pivotal to economic development but have also necessitated discussions about sustainability and cleaner energy alternatives in contemporary times.
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	Types of Fuel 

	 

	Building on the foundational understanding of what fuel is and how it has evolved throughout history, Chapter 3 introduces the many types of fuel that power our world. This chapter forms a crucial bridge between the theoretical underpinnings of fuel and the practical energy sources used across different sectors today.

	From the dense carbon richness of coal to the volatile gases of methane and the promise of renewable options like biodiesel and hydrogen, this chapter explores the wide spectrum of fuels—both conventional and alternative. Each type is examined for its physical characteristics, methods of extraction or production, energy content, and typical applications.

	As the global energy system moves toward decarbonisation, understanding the distinct properties and uses of different fuels becomes vital. This chapter not only identifies and compares fuels by origin and state but also foreshadows the environmental and economic implications that will be discussed in later chapters. Whether you are a student, policymaker, or energy professional, this overview will provide you with the necessary framework to critically assess fuel choices in the journey to net zero.

	 

	 


Fuel Types and Classifications

	Fuels come in many forms and are categorized based on their physical state, origin, and how they release energy.

	Solid fuels are some of the oldest and most widely used energy sources in human history. These fuels are generally natural or processed materials that are burned to produce heat. One of the most common solid fuels is wood, which is still widely used for cooking and heating, especially in rural and developing regions. Coal, another key solid fuel, is a fossil fuel that plays a major role in electricity generation and industrial processes due to its high energy content. Charcoal, which is made by heating wood in the absence of oxygen, is used for cooking and in metalworking applications like blacksmithing. Peat, a partially decomposed plant material found in wetlands, has traditionally been used for heating in some parts of the world. Modern biomass pellets, made by compressing plant waste, offer a cleaner and more efficient form of solid fuel for use in stoves and boilers.

	Liquid fuels are particularly important in transportation and industrial applications because of their high energy density and ease of storage and handling. Gasoline, or petrol, is widely used in cars and motorcycles with internal combustion engines. Diesel, a denser fuel, powers larger vehicles such as trucks, buses, and trains, as well as some power generators. Kerosene serves various purposes, from jet fuel to heating and lighting. Heavy fuel oil is commonly used in ships and large industrial boilers. Biodiesel, derived from vegetable oils or animal fats, is a renewable alternative that can often be used in existing diesel engines. Ethanol, an alcohol-based fuel made from crops like corn and sugarcane, is frequently blended with gasoline to reduce emissions.

	Gaseous fuels are used for cooking, heating, electricity generation, and increasingly in transportation. Natural gas, primarily composed of methane, is one of the most widely used gaseous fuels for household and commercial heating and power generation. Liquefied petroleum gas (LPG), a blend of propane and butane, is used in heating systems, stoves, and vehicles. Biogas, which is produced from the breakdown of organic waste in the absence of oxygen, provides a renewable option for heating and electricity. Hydrogen, a clean-burning gas, is gaining attention for its use in fuel cells and emerging zero-emission transport technologies. Propane and butane, while part of LPG, are also separately used for portable heating, camping, and small-scale energy needs.

	Biofuels and renewable fuels come from biological sources and are increasingly seen as sustainable alternatives to fossil fuels. Ethanol and methanol are alcohol fuels made from plant-based materials, often used as additives or substitutes for gasoline. Biodiesel, produced from renewable oils or fats, is used in diesel engines. Biogas, derived from the decomposition of organic waste, is used in homes and industrial settings. Algae-based fuels are an emerging technology, where oil-rich algae are cultivated and processed into biofuels. Although still under development, algae fuels hold promise due to their fast growth rates and minimal land use.

	Nuclear fuel is distinct from other types of fuel in that it releases energy through nuclear fission rather than combustion. Uranium-235 is the most common nuclear fuel used in reactors to generate electricity. Plutonium-239, a man-made isotope, is used in some advanced reactors and in weapons-grade materials. Thorium, another naturally occurring element, is being researched as a safer, potentially more abundant alternative to uranium. Nuclear fuels power not only electric power plants but also military submarines and aircraft carriers.
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	Figure 4: A billet of highly enriched uranium that was recovered from scrap processed at the Y-12 National Security Complex Plant. United States Department of Energy, Public Domain, , via Wikimedia Commons.

	 

	Electrical energy, while not a fuel in the traditional sense, is increasingly used as a substitute for fuel, particularly in transportation and heating. Electric vehicles rely on batteries to store and supply energy for propulsion. Electric heating systems and public transport such as trams and trains also rely on electricity. However, electricity itself must be generated from a primary fuel source—whether fossil-based, nuclear, or renewable—so it serves as both a product and a carrier of fuel-derived energy.

	Fuels can exist in solid, liquid, gas, biological, nuclear, or electrical forms. Each type has its own unique benefits and is chosen based on the needs of the application, the energy content, availability, and environmental impact. As the global energy landscape evolves, there's a growing shift toward renewable and sustainable fuels that aim to reduce our dependence on fossil fuels and minimize environmental harm.

	Fuels can be classified based on their origin, which refers to where and how they are formed. This classification is important because it helps us better understand their renewability, environmental impact, availability, and overall suitability for different uses. Broadly speaking, fuels are divided into two main categories according to their origin: natural (also known as primary) fuels and man-made (or secondary) fuels.

	Natural fuels are those that are found directly in nature and can be used with minimal processing. They are either extracted from the Earth’s crust or produced through biological and geological processes. Within this category, fossil fuels and biomass fuels are the two primary subtypes. Fossil fuels are formed from the decomposition of ancient plants and animals buried deep underground for millions of years. Under intense heat and pressure, these remains transform into energy-rich substances. Fossil fuels are considered non-renewable because they form over geological time and are being consumed far faster than they can naturally replenish. Common examples include coal, which is primarily formed from plant material and widely used in power generation and industry; crude oil, a liquid hydrocarbon used to produce gasoline, diesel, and many other refined products; and natural gas, composed mostly of methane and used for heating, electricity generation, and cooking.

	Biomass fuels, on the other hand, originate from recently living organisms such as plants, agricultural byproducts, and animal waste. These fuels are considered renewable because they can be grown or collected repeatedly through agricultural or natural cycles. Examples include wood, which is widely used for cooking and heating; crop residues like husks and stalks; animal dung, which is dried and used as fuel in many rural areas; and specially cultivated energy crops and algae, which are processed into usable energy forms.

	Man-made or secondary fuels are created by refining, processing, or chemically altering natural fuels to improve their energy content, usability, and efficiency. These fuels do not exist naturally in usable form and require human intervention to be produced. One type of man-made fuel includes refined fossil fuels, which are produced by processing crude oil or natural gas. These include gasoline, commonly used in vehicles; diesel, used in trucks, buses, and machinery; kerosene, which is widely used in aviation and heating; and liquefied petroleum gas (LPG), a processed blend of propane and butane used in heating, cooking, and transport.

	Another category of man-made fuels is biofuels, which are derived from organic materials through chemical, biological, or thermal processes. Examples include ethanol, an alcohol-based fuel made from sugarcane or corn; biodiesel, produced from vegetable oils or animal fats; and biogas, generated through the anaerobic digestion of organic waste like food scraps or manure. These fuels offer renewable alternatives to fossil fuels and are gaining popularity due to their lower environmental impact.

	Synthetic and alternative fuels are also part of the man-made fuel category. These are created through more complex industrial processes, often aimed at reducing reliance on traditional fossil fuels. Hydrogen fuel, for example, can be produced from water through electrolysis or

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		Wood (logs, branches)

		Twigs and brushwood

		Dried animal dung

		Crop residues (e.g., rice husks, corn stalks, sugarcane bagasse)

		Peat (partially decomposed plant matter from wetlands)

		Coal



	
		Lignite (brown coal – lowest rank)

		Sub-bituminous coal

		Bituminous coal

		Anthracite (highest rank coal)



	
		Charcoal (from wood or biomass)

		Forest residues (fallen branches, leaves, bark)

		Bamboo (used in some regions)



	
	
	
	
		Charcoal briquettes

		Biomass briquettes (from sawdust, husks, shells, etc.)

		Wood pellets

		Agricultural waste pellets

		Peat briquettes

		Refuse-derived fuel (RDF) (processed from municipal solid waste)

		Coal briquettes

		Turf briquettes (compressed peat)



	
	
	
	
		Coke (derived from bituminous coal; used in steelmaking)

		Petroleum coke (petcoke) (by-product of oil refining)

		Sawdust (used in boilers and briquettes)

		Wood chips (used in biomass boilers)

		Torrefied biomass (thermally treated biomass with enhanced energy content)

		Black liquor solids (from paper pulp processing, dried and burned)

		Sewage sludge cake (dried waste material used in some industrial boilers)

		Plastics-derived solid fuels (thermally treated non-recyclable plastics)

		Rubber residues (such as shredded tires, sometimes co-fired with coal)



	
	
	
	
		Algae-derived solids (dried algal biomass used for bioenergy research)

		Sugarcane press mud (used in some regions as solid fuel)

		Spent coffee grounds (dried and used as fuel in some eco-initiatives)

		Cotton stalks, jute sticks (used in rural energy schemes)

		Charred nut shells and fruit pits (e.g., coconut shells, olive pits)



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
images/image.png





cover.jpeg
Fuel, Energy and Net Zero

.y Richard Skiba

ik






images/image-2.png
garbage

N/

of
wood . crops
biomass 4

’
P

4 &
)

landfill alcohol

gas fuels





images/image-2.jpeg





images/image-3.jpeg





images/image-4.jpeg





images/image-1.png





images/image-1.jpeg





