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1 INTRODUCTION
In 2022 I was honored by Frontiers in Thermal Engineering Journal with the possibility of being Speciality Chief Editor of the Heat Engines Section, which of course I accepted immediately. Heat Engines are by far the most worldwide used engineering systems to convert heat energy, which is easy to generate but hard to use, into mechanical energy, that is not so easy to generate (at least in great numbers) but much easily converted into other forms of energy tailored for different applications.
The historical impact of Heat Engines on society cannot be discussed. Despite being invented shortly earlier, the relevance of Heat Engines started with the development of the Steam Engine and its further mass adoption, as it was undoubtedly one, if not the most important, driver enabling the Industrial Revolution that changed the means of production until our days (Sandfort, 1979). Looking to the present, after centuries of intense research and development, Heat Engines are in general extremely optimized, offering a wide portfolio of power ranging from Watts to gigaWatts, together with high flexibility in terms of technological solutions and associated costs, making them extremely suitable for the power generation and transportation sectors, among other domestic and industrial applications.
From a scientific and engineering perspective, Heat Engines are both fascinating and challenging systems altogether. Their design and analysis comprise the most prominent engineering fields, including (but not limited to) chemical, thermal, fluid-dynamics, mechanical, electrical and automation/control-related aspects. However, Heat Engines are under a lot of pressure since they have to fulfill not only the expectations of the customers, but also the increasing demands of society to reduce their environmental impact while increasing their sustainability, and these two aspects are opposite in most cases. Thus, aside from the constant need to increase their performance, the most critical challenges of Heat Engines focus on reducing their pollutant emissions, increasing their thermal efficiency (reducing fuel consumption) and their decarbonization by replacing partially or totally conventional fossil fuels.
In a general sense, a broad set of actions are being investigated to update Heat Engines in order to satisfy the previous expectations and demands from different angles. These actions include developing and integrating new engine hardware and components, advanced combustion concepts, optimized exhaust gas after treatment systems, or even new engine architectures aside from those with historical industrial success. A different but complementary trend consists of the electrification of the Heat Engine or its combination with an additional power source, usually electrical-based, to generate a hybrid system.
In addition, research activities dedicated to the further development of Heat Engines usually require close cooperation between the scientific community and the industry as they provide complementary skills and competencies, together with an intelligent combination of advanced experimental techniques and computational methods, assuring the right framework to generate beyond the state-of-the-art knowledge.
2 GRAND CHALLENGES IN HEAT ENGINES
Now, it is time to review the key challenges faced by the Heat Engines research community that were briefly introduced in the previous section. It is important to remark that, of course, the list is not exhaustive and probably the reader can identify other non-discussed aspects where the Heat Engines should be or are already being developed, but in general, the final impact of those aspects will result in benefits and/or drawbacks in one or more of the grand challenges included here.
2.1 Pollutant emissions
Heat Engines are widely used in various modes of transportation and industrial applications. However, they are also a significant source of air pollution, contributing to global warming and causing severe health problems (Fayyazbakhsh et al., 2022; Joshi, 2022; Rupcic et al., 2023). The most relevant specific pollutants emitted by Heat Engines include:
• Carbon Monoxide (CO): Carbon monoxide is a colorless and odorless gas produced by the incomplete combustion of carbon-based fuels. It is toxic to humans and can lead to carbon monoxide poisoning, which can be fatal in moderate-to-high concentrations.
• Nitrogen Oxides (NOx): Nitrogen oxides are a group of gases, including nitrogen oxide (NO) and nitrogen dioxide (NO2), formed during the combustion of fuels due to the combination of oxygen availability and high temperatures. They contribute to the formation of smog, acid rain, and can have harmful effects on human health, such as respiratory system problems.
• Particulate Matter (PM): Particulate matter refers to tiny solid or liquid particles suspended in the air. In the context of Heat Engines, PM mainly consists of soot, ash, and other combustion byproducts in general also including soluble organic compounds like fuel and lubricating oil. These particles can vary in size and composition and have adverse health effects when inhaled, particularly fine particulate matter (PM2.5) which can penetrate deep into the lungs.
• Volatile Organic Compounds (VOCs): VOCs are a diverse group of chemicals that vaporize at room temperature. They are emitted during the combustion process as well as from fuel evaporation. VOCs contribute to the formation of ground-level ozone and smog, and some VOCs are classified as hazardous air pollutants due to their toxicity.
• Sulfur Dioxide (SO2): Sulfur dioxide is produced when fuels containing sulfur, such as coal and oil, are burned. It is a major contributor to acid rain and can cause respiratory problems in humans, particularly in individuals with asthma or other respiratory conditions. The SO2 generation in Heat Engines is being decreased by imposing stringent regulations on the sulfur content in the fuel.
• Greenhouse Gases (GHGs): Heat Engines are significant sources of greenhouse gas emissions, primarily carbon dioxide (CO2), which is a major contributor to climate change. Other greenhouse gases, such as methane (CH4) and nitrous oxide (N2O), may also be emitted in smaller amounts.
• Hazardous Air Pollutants (HAPs): Heat Engines can emit a range of hazardous air pollutants, which are chemicals known to have adverse effects on human health or the environment. Examples of HAPs include benzene, formaldehyde, acrolein, and polycyclic aromatic hydrocarbons (PAHs). These pollutants are often regulated due to their toxicity and potential long-term health impacts.
• Ozone-Depleting Substances (ODS): While not as prevalent as in the past, some heat engines, such as older models of air conditioning and refrigeration systems, may still emit ozone-depleting substances. These substances, such as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), can lead to the destruction of the ozone layer and contribute to the greenhouse effect.
• Black Carbon: Also known as soot, black carbon is a type of fine particulate matter composed of carbonaceous material. It is a byproduct of incomplete combustion, particularly in diesel engines and biomass burning. Black carbon absorbs sunlight, leading to warming effects and the reduction of albedo when deposited on snow and ice surfaces, accelerating their melting.
• Heavy Metals: Some Heat Engines, especially those using fossil fuels like coal or oil, can release heavy metals into the environment. These metals, including mercury, lead, arsenic, and cadmium, are toxic and can bioaccumulate in ecosystems, posing risks to human and animal health. Efforts are made to reduce the emissions of heavy metals through emission control technologies and cleaner fuel sources.
• Ammonia (NH3): Heat Engines powered by ammonia-based fuels, such as certain types of internal combustion engines, may release ammonia emissions. While ammonia itself is not considered a direct greenhouse gas, it can contribute to the formation of particulate matter and nitrogen deposition, impacting air and water quality.
It is important to note that the extent and composition of pollutant emissions from Heat Engines can vary depending on several factors, including the engine design, fuel quality, combustion efficiency, maintenance, and emission control technologies employed (Johnson and Joshi, 2018; Leach et al., 2020). Regulations and standards play a crucial role in reducing pollutant emissions from heat engines, with emission limits and guidelines established by governmental bodies to promote cleaner and more efficient technologies. Continued research and development efforts focus on improving engine thermal efficiency, exploring alternative fuels, and implementing advanced emission control systems to mitigate the environmental impact of Heat Engines emissions. Additionally, developing alternative power systems, such as hybrid or electric vehicles, aims to reduce or eliminate the emissions associated with Heat Engines.
2.2 Thermal efficiency
The increase in energy conversion efficiency in Heat Engines has always been of interest to the scientific community (Johnson and Joshi, 2018; Leach et al., 2020; Mu et al., 2022). However, the need to improve thermal efficiency has recently become more relevant due to the urgent request to maximize the use of resources and control global warming by minimizing CO2 emissions.
In general, the main strategies to increase thermal efficiency in Heat Engines include:
• Adaptation of the thermodynamic cycle: Increasing the compression ratio is a well-known strategy widely applied to different Heat Engines, such as reciprocating internal combustion engines (RICE) or gas turbines (GT) (Benajes et al., 2019; Bontempo and Manna, 2019; Xing et al., 2023). Other less extended option consists of switching from the standard cycle to other more efficient alternatives, such as Atkinson/Miller cycles in the case of RICE or even Stirling/Ericsson cycles, which are external combustion engine versions of the conventional RICE and GT engines theoretically able to reach the Carnot efficiency limit. Modifying the working fluid is also an attractive alternative since its properties play a significant role in the thermal efficiency of Heat Engines, being the specific heat ratio the most relevant between them, and a good example is the Argon cycle under investigation for its applications in RICE.
• Development of the combustion process: The standard combustion process nowadays widely implemented in Heat Engines presents well-known limitations in terms of efficiency. In RICE the premixed combustion characteristic of Spark-Ignition (SI) engines limits this efficiency by operating in stoichiometric conditions (high heat losses due to the high temperatures and low specific heat ratio of the combustion products), while the diffusive combustion that develops in Compression-Ignition (CI) engines also faces efficiency problems (high local heat losses due to the flame-wall interactions and long duration). Thus, advanced combustion processes are being investigated with the aim of solving these problems by operating SI engines in lean conditions (Ziyaei et al., 2023) or CI engines in partially/fully premixed conditions (Dimitrakopoulos and Tunér, 2020), among others. In GT the implementation of lean combustion concepts is also under intense investigation to improve their efficiency by decreasing heat transfer losses (Haque et al., 2020).
• Technological development of systems: Since their inception, the technological evolution of Heat Engines has been really impressive. The systems integrated into these engines have evolved in all aspects, but probably the most relevant are the increase of the thermo-mechanic specifications of the engine materials and the optimization of the performance and efficiency of the engine subsystems. Thus, the increase in the maximum pressure and temperature attainable during the combustion process has a positive impact on engine efficiency, and also the development of more advanced subsystems that allow to improve the adjustment of some key engine settings, such as the injection or the boost pressures.
• Reduction of mechanical losses: This aspect is being largely investigated in the field of Heat Engines due to its positive impact on their thermal efficiency and fuel consumption. The technological solutions under evaluation include, but are not limited to, the use of dedicated low-friction materials, low-viscosity oils or intelligent management of the engine auxiliary systems. In general, these concepts are associated with some important drawbacks, such as a higher engine complexity, a decrease in its reliability or an increase in the total cost of ownership, so further research and development efforts are still required to maximize their benefits.
• Integration of Waste Heat Recovery (WHR) systems: The conversion of the energy rejected by Heat Engines into mechanical or electrical power is a very attractive alternative to increase the efficiency of the complete system. In this direction, The use of turbocompounding (Leng et al., 2023; Zhang et al., 2022), bottoming organic Rankine cycles (Xu et al., 2019; Varshil and Deshmukh, 2021) or thermoelectric systems (Rodriguez et al., 2019; Burnete et al., 2022) to recover the energy still available in the engine exhaust gas flow (high exergy) and/or in the coolant flow (low exergy) are alternatives gaining attention in RICE. Additionally, regeneration is a traditional option in GT, while the implementation of bottoming power cycles are recent alternatives being under investigation due to their potential (Li et al., 2021; Sun et al., 2021).
An additional extended option nowadays consists of the electrification of the engine by integrating components such as electrical superchargers (Baek et al., 2021) or turbochargers (Baek et al., 2019) in the case of RICE, which usually does not improve the intrinsic thermal efficiency of the engine but results in an increase in the global efficiency of the powerplant.
2.3 Decarbonization
The key strategy enabling the decarbonization of Heat Engines consists of switching from conventional fossil fuels to alternative Fuels, which are usually classified as biofuels or e-fuels.
Biofuels are a category of fuels that are derived from organic materials, known as biomass, rather than from fossil fuels like coal, oil, and natural gas. They are considered a renewable energy source because they can be produced from various types of biological matter, such as plants, algae, and animal waste (Mat Aron et al., 2020; Jung et al., 2021; Osman et al., 2021). Biofuels have gained significant attention in recent years due to their potential to reduce greenhouse gas emissions and dependence on finite fossil fuel reserves.
Ethanol is the most widely used biofuel worldwide. It is an alcohol-based fuel primarily produced from corn, sugarcane, and wheat crops. The production process typically involves fermenting the sugar or starch present in these crops and then distilling it to produce ethanol. Ethanol is commonly blended with gasoline to create ethanol-gasoline blends like E10 (10% ethanol, 90% gasoline) or E85 (85% ethanol, 15% gasoline). Biodiesel is a renewable fuel derived from vegetable oils, animal fats, or recycled cooking oil. The production process involves a chemical reaction called transesterification, which converts these feedstocks into biodiesel. Biodiesel can be used in diesel engines in its pure form (B100) or blended with petroleum diesel at different ratios (e.g., B20, which contains 20% biodiesel and 80% diesel). Biogas is a gaseous biofuel produced through the anaerobic digestion of organic materials such as agricultural waste, sewage sludge, and food waste. The decomposition of these materials by bacteria in the absence of oxygen generates biogas, primarily consisting of methane and carbon dioxide. Biogas can be used directly for heating or electricity generation or upgraded to biomethane, a pipeline-quality gas similar to natural gas. Hydrocarbon biofuels are synthesized from biomass through processes such as pyrolysis, gasification, or Fischer-Tropsch synthesis. These biofuels are designed to be chemically similar to petroleum-based fuels and can be used as drop-in replacements in existing transportation infrastructure. Examples include renewable diesel and renewable jet fuel.
Biofuels offer several potential advantages. They can help reduce greenhouse gas emissions because the CO2 released during their combustion is offset by that absorbed by the plants during their growth. Additionally, biofuels can help diversify energy sources, promote rural development, and decrease dependence on foreign oil. However, biofuel production also faces challenges. It competes with food production for land and resources, impacting food prices and availability. Additionally, some biofuel feedstocks require significant amounts of water and fertilizer, which may have environmental implications. It is important to ensure sustainable and responsible practices in biofuel production to mitigate these potential drawbacks.
Researchers continue to explore advanced biofuel technologies, such as algae-based biofuels and cellulosic biofuels made from non-food crops or agricultural residues. These developments aim to improve the efficiency, sustainability, and economic viability of biofuels as a renewable energy option.
E-fuels, also known as electrofuels or synthetic fuels, are a type of renewable fuel that is produced by combining CO2 captured from the atmosphere with hydrogen generated through electrolysis, using electricity from renewable sources (Ueckerdt et al., 2021; Brynolf et al., 2022; Singh et al., 2022). E-fuels are distinct from biofuels because they are not derived from biomass but are instead created through a chemical process.
The first step involves capturing carbon dioxide from the atmosphere or from industrial processes, such as power plants. Various technologies, including chemical absorption and direct air capture, can be used to extract CO2. Renewable electricity is then used to power the process of electrolysis, where water is split into hydrogen and oxygen. This electrolysis process requires significant amounts of electricity, making it crucial for the power source to be renewable to ensure the sustainability of e-fuels. The captured CO2 is combined with H2 to produce synthetic hydrocarbon fuels, such as methane or liquid hydrocarbons like methanol or dimethyl ether. These fuels can serve as drop-in replacements for traditional fossil fuels and can be used in existing infrastructure without requiring major modifications.
E-fuels have several potential benefits. The production of e-fuels can be designed to be carbon-neutral or even carbon-negative. By capturing CO2 from the atmosphere and combining it with renewable hydrogen, the process can effectively recycle and reuse CO2 emissions that would otherwise contribute to global warming. E-fuels can serve as a form of energy storage for renewable electricity. When there is excess electricity generated from renewable sources, it can be used to produce e-fuels. These fuels can then be stored and utilized later when electricity demand is high or when renewable energy generation is low. E-fuels can be used in existing vehicles, aircraft, and infrastructure without significant modifications. This characteristic makes them an attractive option for decarbonizing transportation sectors that are currently reliant on fossil fuels.
However, e-fuels also face some challenges. The production of e-fuels is energy-intensive, and the overall process has lower energy efficiency than directly using renewable electricity. The efficiency losses occur during the steps of CO2 capture, electrolysis, and fuel synthesis. Currently, e-fuels are more expensive to produce than fossil fuels, primarily due to the high cost of renewable electricity and the additional energy required for the production process (Nemmour et al., 2023). As renewable energy costs continue to decline, the cost of e-fuels is expected to become more competitive. Scaling up the production of e-fuels to meet significant energy demands is a challenge. Large-scale production requires substantial amounts of CO2, renewable electricity, and hydrogen, which may strain available resources.
E-fuels are considered one of the key alternatives for decarbonizing sectors that are difficult to electrify, such as aviation, heavy-duty transportation, and certain industrial processes. While they offer potential benefits, further research, technological advancements, and cost reductions are needed to make e-fuels more economically viable and environmentally sustainable on a larger scale.
3 FINAL REMARKS
The key research and development grand challenges faced by modern Heat Engines, common to most if not all of them, have been briefly described with the aim of giving direct hints on these topics that are of primary interest to the Heat Engines Section of the Frontiers in Thermal Engineering Journal.
Thus, high-quality research papers reporting interesting scientific or technological results that push the knowledge beyond its current level, showing a positive impact on these topics are very welcome. Nonetheless, research activities targeting other potentially critical aspects related to Heat Engines are also under the scope of this Section, even if they don’t directly target the previous topics.
As a last remark, the envision of the Editorial Team behind the Heat Engines Section is to provide the most suitable forum for the researchers and engineers community to share their advances in these fascinating energy conversion systems, with the common mission of making them part of the future.
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