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Abstract

:

For centuries, fossil fuels have been the primary energy source, but their unchecked use has led to significant environmental and economic challenges that now shape the global energy landscape. The combustion of these fuels releases greenhouse gases, which are critical contributors to the acceleration of climate change, resulting in severe consequences for both the environment and human health. Therefore, this article examines the potential of hydrogen as a sustainable alternative energy source capable of mitigating these climate impacts. It explores the properties of hydrogen, with particular emphasis on its application in industrial burners and furnaces, underscoring its clean combustion and high energy density in comparison to fossil fuels, and also examines hydrogen production through thermochemical and electrochemical methods, covering green, gray, blue, and turquoise pathways. It discusses storage and transportation challenges, highlighting methods like compression, liquefaction, chemical carriers (e.g., ammonia), and transport via pipelines and vehicles. Hydrogen combustion mechanisms and optimized burner and furnace designs are explored, along with the environmental benefits of lower emissions, contrasted with economic concerns like production and infrastructure costs. Additionally, industrial and energy applications, safety concerns, and the challenges of large-scale adoption are addressed, presenting hydrogen as a promising yet complex alternative to fossil fuels.
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1. Introduction


The rapid population growth and economic development on a global scale are generating a considerable increase in energy demand. Historically dependent on fossil fuels such as coal and oil, which account for over 60% of global electricity generation, this sector now confronts an urgent need to align with the sustainability goals of the 21st century. However, despite being a crucial element for any nation, energy generation is also a significant contributor to greenhouse gas emissions, responsible for approximately 26.2% of the global total [1,2].



Among all human activities, burning fossil fuels for energy production is the largest contributor to the increase in global greenhouse gas emissions, especially carbon dioxide (CO2). These emissions have reached unprecedented levels, posing a significant threat to humanity as global warming continues to rise. In light of this, many countries have agreed on the necessity of reducing carbon emissions to mitigate the harmful effects of climate change. These effects include the destruction of coral reefs, heatwaves, wildfires, frequent flooding, droughts, and rising sea levels. To tackle these urgent challenges, the international community has recognized the need for coordinated efforts [3,4].



The Paris Agreement, adopted during COP21 in 2015, mobilized international actions to limit the increase in the average global temperature to 1.5 °C above pre-industrial levels and to enhance the global response to the threat of climate change. The agreement acknowledged that climate change is an irreversible danger to the planet, requiring all countries to engage in broad cooperation to achieve substantial outcomes in terms of reducing carbon and greenhouse gas emissions, and solutions for a sustainable future have been discussed, such as the transition to renewable energy sources [5,6].



Considering this, the energy transition refers to the shift in the global system of energy production and consumption from fossil fuels, such as oil, natural gas, and coal, to renewable energy sources, including wind, solar, hydro, biomass, geothermal, and ocean energy, as well as alternative energy sources such as nuclear, biofuels, and lithium-ion batteries, along with technologies based on renewable hydrogen. Hydrogen (H2) is considered a key player in the transition to a low-carbon global economy aimed at achieving net-zero greenhouse gas emissions, as it has the potential to replace fossil fuels in a variety of combustion applications, such as power generation, industrial/residential heating, and transportation. It is estimated that hydrogen will supply 6–8% of total energy demand in the net-zero scenario for 2050. Several countries have recently announced plans to expand the production and consumption of clean hydrogen, and it is projected that USD 500 billion will be invested in developing hydrogen technologies worldwide by 2030 [6,7,8,9].



As a result of these initiatives, the production and demand for hydrogen are projected to grow rapidly in the future. It is estimated that the production of clean hydrogen will increase from 0.8 Mt/a today to 154 Mt/a by 2030, reaching 614 Mt/a by 2050. This growth will necessitate substantial investments, amounting to hundreds of billions of dollars annually. These investments must be allocated effectively to enable the economic production of hydrogen, thereby contributing to sustainable transformation. In this context, anticipating the optimal technologies, locations, and production parameters becomes essential [10].



Hydrogen is traditionally produced from fossil fuels like coal and natural gas; however, its real potential for a sustainable energy transition lies in production from renewable sources. Renewable hydrogen helps reduce dependence on fossil fuels, decreases greenhouse gas emissions, and supports a low-carbon energy system. There are various production methods available. Biological approaches are less energy-intensive and more sustainable, although they yield lower amounts of hydrogen. In contrast, thermochemical processes, such as biomass gasification, are faster and more efficient. Currently, electrolyzers are the most promising and widely adopted methods for hydrogen production. They work by splitting water into hydrogen and oxygen using electricity. There are three main types of electrolyzers: alkaline, proton exchange membrane (PEM), and solid oxide (SOEC). Each type differs in terms of cost, application, and level of technological maturity [11,12,13].



Hydrogen is a colorless gas; however, there are various color codes to identify the different types. These colors refer to the processes used to produce hydrogen, the evaluation of the production method, the resources consumed to generate the necessary energy, and the amount of pollutant emissions generated. Hydrogen deemed “green”, which is often referred to as “clean hydrogen”, “renewable hydrogen”, or “low-carbon hydrogen”, can be defined as hydrogen produced through renewable sources; the most common is the electrolysis of water using electricity sourced from renewable energy. By utilizing renewable energy, the production of green hydrogen does not emit carbon dioxide (CO2) at any stage. This type of hydrogen is particularly relevant in the energy transition towards a more sustainable energy and transportation system. Besides serving as a fuel, hydrogen is valued as a commodity, as well as for its applications in the production of chemical feedstock. Based on the concept of sector coupling or sector integration, hydrogen has significant potential for connecting various energy carriers and consumption sectors, while simultaneously enhancing overall energy system security, reliability, and resilience. As part of decarbonization strategies, the deployment of energy technologies for gas and the establishment of hydrogen refueling stations have been promoted to reduce dependence on fossil fuels in the energy and transportation sectors [14,15,16].



Therefore, the combination of hydrogen with existing fuels can represent an effective transition strategy for the gradual migration to a hydrogen-based energy system. This approach allows for the utilization of current infrastructure while simultaneously reducing dependence on fossil fuels. A viable method for integrating hydrogen into these sectors is to use it as a fuel. An interesting approach is the application of hydrogen in mixed combustion processes, such as in burners, boilers, and furnaces. The combustion of hydrogen is highly exothermic and carbon-free, with water (H2O) as its sole product. Compared to fossil fuels, the use of H2 in internal combustion engines can increase thermal efficiency and reduce carbon emissions. The addition of hydrogen modifies the combustion dynamics and offers several advantages, including a high heating value, increasing flame speed, the production of more compact and turbulent flames, a higher diffusion rate, and more rapid oxidation characteristics. Combining renewable hydrogen with traditional fuels supports the integration of renewable sources into the energy mix, promoting energy security and sustainability [17,18].



In diesel engines, the supplementation of hydrogen can improve performance while also reducing greenhouse gas emissions and smoke production. Hydrogen-rich energy contains negligible ash, sulfur, and alkaline metals compared to coal, which can not only mitigate pollutant emissions such as sulfur oxides but also reduce the impacts associated with blast furnace operations and the environmental effects caused by carbon emissions. Recent investigations into hydrogen combustion have primarily focused on addressing these challenges through alternative combustion regimes, fuel additives, and advanced combustion technologies that enhance efficiency and reduce emissions, including the use of lean burn techniques, flame stabilization methods, and integrated system designs that optimize the use of hydrogen in various industrial applications. The effects of blending with hydrogen vary depending on the type of fuel, performance metrics, and fraction of total fuel. Thus, hydrogen-rich energy is considered one of the most promising energy sources and is expected to play a significant role in the global energy landscape in the future. Adapting existing combustion systems is crucial, especially in burner and furnace design [19,20,21].



Burners and furnaces are crucial components in combustion systems, playing essential roles in energy efficiency and emission minimization. Traditionally, these devices have been designed to operate with fossil fuels, such as natural gas, diesel oil, and coal, where combustion efficiency is optimized to maximize heat transfer and reduce pollutants. However, with the increasing pressure to decarbonize the energy matrix, hydrogen has emerged as a promising alternative, particularly in industrial sectors such as metallurgy, chemicals, and power generation. Implementing burners that utilize hydrogen presents significant technical challenges, including the need to redesign systems to accommodate the high flame temperature and the diffusion rate of hydrogen. Nevertheless, their use can lead to drastically reduced greenhouse gas emissions, contributing to the transition toward a low-carbon economy. Furthermore, adapting existing burners for alternative fuels can be a viable solution for industries seeking to comply with increasingly stringent environmental regulations [22,23].



In this perspective, the ongoing energy transition represents a crucial juncture for achieving sustainable development and mitigating climate change impacts. As hydrogen emerges as a pivotal solution, its integration into existing combustion systems holds the potential to revolutionize energy production and consumption across various sectors. By enabling the transition from fossil fuels to cleaner alternatives, hydrogen not only addresses the urgent need for reduced greenhouse gas emissions but also enhances the resilience and reliability of energy systems. The challenges inherent in adapting combustion technologies for hydrogen use highlight the importance of innovation and investment in research and development. Ultimately, the successful implementation of hydrogen as an energy carrier can play a transformative role in shaping a sustainable, low-carbon future, aligning with global commitments to combatting climate change and fostering economic growth.



Previous Studies and Research Gaps


Previous studies and research gaps in the hydrogen area are described in Table 1.





2. Fuels


Fuels are substances that react chemically with an oxidant (normally oxygen) when receiving heat, resulting in the release of energy. The application of a fuel is dictated by the cost, availability, and ease of handling, and its use must be in accordance with environmental regulations. Some of the main physical properties are relative density, molecular mass, vapor pressure, viscosity, flash point, flammability range, enthalpy, specific heat capacity, and latent heat. Most fuels used in combustion systems are derived from non-renewable fossil sources [12,18].



Fossil fuels (petroleum, natural gas, and coal) are formed by organic matter from animal and plant remains that accumulated in underground reservoirs and entered decomposition millions of years ago under high pressure and temperature. This matter underwent a set of maturation processes that transformed it into organic sediment within the Earth’s crust, which is employed as a source of energy. The use of fossil fuels aggravates the effects of global warming due to the CO2 emissions resulting from the burning of fuel hydrocarbons, such as paraffin, olefins, naphthenes, and other aromatics [29,30].



Fuels are normally composed of hydrocarbons, other non-hydrogenated organic compounds, carbon monoxide (CO), ethanol, methanol, and biofuels. Although not considered fuels, other materials, such as sulfide minerals, release heat when oxidized and provide significant energy to the reaction. It is common to classify fuels based on their physical state, i.e., as solid, gaseous, or liquid fuels [31].



2.1. Solid Fuels


Solid fuels play a crucial role in the global energy landscape, with each class offering distinct characteristics and applications. Biomass, for instance, is a renewable resource derived from organic materials, such as wood, agricultural residues, and certain types of waste. This category is gaining popularity in modern energy systems due to its carbon-neutral potential, as plants absorb CO2 during growth, offsetting emissions during combustion. Various technologies, such as gasification and pyrolysis, are being developed to convert biomass into cleaner forms of energy, further enhancing its sustainability and efficiency. Despite these advancements, the energy density of biomass remains low compared to fossil fuels, requiring larger quantities for the same energy output [32,33,34].



Coal, on the other hand, is a non-renewable fossil fuel with a high energy density and has historically been a cornerstone of industrialization. It is classified into different types based on carbon content and energy value, such as anthracite (86–97%), bituminous (45–86%), and lignite (25–35%), with anthracite being the highest grade. While coal remains a key energy source for electricity generation, its environmental impact, particularly concerning CO2 emissions, has prompted a decline in its use in many regions. Advances in clean coal technologies, like carbon capture and storage (CCS), are being explored to mitigate these emissions. However, the extraction and burning of coal still contribute significantly to air pollution and environmental degradation, making the shift to cleaner energy sources increasingly critical [35,36].



Mixed municipal solid waste (MMSW) offers a more diverse and complex category of solid fuels, including waste from urban environments, which may contain materials like paper, plastic, food scraps, and even hazardous items like hospital and chemical waste. This form of waste is processed in waste-to-energy plants, which burn the waste to generate electricity and heat. While MMSW presents an opportunity to reduce landfill use and recover energy from non-recyclable materials, the combustion process requires advanced filtration and pollution control technologies to manage the release of harmful pollutants such as dioxins, heavy metals, and particulate matter. The integration of waste management with energy recovery through MMSW is a growing field, providing a solution to both waste disposal challenges and energy generation [37,38].




2.2. Liquid Fuels


Liquid fuels are widely used in industry due to the ease of storage, operation, and transport. Most liquid fuels are derived from oil, although some were produced from coal tar, a thick, black liquid byproduct derived in the past from coke production [31]. Petroleum derivatives (gasoline, diesel oil, kerosene, and fuel oil) (PNE 2030) and biofuels, such as biodiesel and ethanol, are examples of liquid fuels. The literature reports the basic properties of liquid fuels, such as the fire point (°C), kinematic viscosity (cSt), density (kg/m3), fluidity point (°C), and ash content [18,29,31].



Gasoline is a product obtained from the refining of crude oil, whose composition depends on its use in aviation (high performance, mixture of hydrocarbons with 5 to 10 carbon atoms) or the automotive industry (refinery fuel for automobiles and military vehicles, mixture of hydrocarbons with 4 to 12 carbon atoms), its origin, and the oil refining process [39,40].



Diesel oil is a fuel composed mainly of hydrocarbons with chains of 8 to 16 carbon atoms, the different types of which are classified based on the maximum sulfur content: S-10, S-500, and S-1800. S-10 is used in the transportation of cargo and passengers, industry, energy generation, and machines; S-500 is suitable for vehicles such as buses and trucks and was manufactured prior to 2012; while S-1800 is used in energy generation, railroad transportation, and open pit mining. Marine diesel oil is used for boats and ships. Diesel oil may also contain added biodiesel within the legal limits [39,40].



Jet-A1 aviation kerosene is an oil derivative obtained by direct distillation in a temperature range of 150 to 300 °C, with a predominance of paraffin hydrocarbons with 9 to 15 carbon atoms, which is used in aeronautic turbines. Fuel oil or “bunker” fuel, often used for the generation of thermal energy in industrial applications and for marine transportation, is classified as heavy fuel oil, light fuel oil, or types A1/A2 or B1/B2, depending on the viscosity, sulfur content, and fluidity point [40].




2.3. Gaseous Fuels


Gaseous fuels may be natural or manufactured, the latter of which are generally obtained from petroleum (liquified petroleum gas [LPG]), coal, or biomass, and are used more for the supply of the plant itself. Both types vary considerably in chemical composition and physical characteristics. The most widely used gaseous fuel is natural gas, which is generally found compressed in porous rock, is mainly made up of methane (CH4), and whose composition depends on the reservoir and degree of treatment to which it is subjected. However, the recent reduction in the supply has raised interest in other types of oil-derived fuels and alternative fuels, such as H2 [18,29,31].




2.4. Biofuels


Biofuels, which are derived from renewable sources, are attractive alternatives to fossil fuels, with intense research and development underway to reduce CO2 emissions. A biofuel is any type of solid, liquid, or gaseous fuel derived from biomass, i.e., renewable organic matter of a plant, animal, or microbial origin. The different types of biofuels include vegetable oil, biodiesel, bioalcohol, biogas, solid biofuels (wood, coal, etc.), and synthesis gas (syngas) [29].



Although pure vegetable oil can be used in some diesel motors, it is typically first converted into biodiesel, a liquid fuel obtained from oils and fats through a process called transesterification. Compared to traditional diesel, biodiesel can substantially reduce the emissions of unburned hydrocarbons, CO, sulfates, and particulate matter, with the exception of nitrogen oxides (NOx) [41,42].



Bioalcohols, such as ethanol, propanol, and butanol, are produced through microbial fermentation of sugars, starch, or cellulose. Bioethanol, a type of bioalcohol, is primarily derived from corn in the United States and sugarcane in Brazil. Together, these two countries account for 84% of global bioethanol production. In the United States, ethanol is commonly blended with regular gasoline at a concentration of about 5% by volume to enhance efficiency and reduce emissions [29,43].



Biogas, mainly composed of CH4, is generated by the anaerobic digestion of organic matter, such as urban waste (landfills) and animal waste. If this gas is collected and used for the generation of energy, greenhouse gases will be directly and indirectly reduced, lowering the amount of CH4 released into the atmosphere and replacing the use of non-renewable fuels [29].



Syngas is a mixture of fuel gases produced by the gasification of a fuel containing carbon, such as coal or urban waste, through the steam reforming of natural gas. The production of syngas, normally consisting of a mixture of CO, CO2, and H2, has the advantage of converting a solid raw material into a gaseous form that can easily be used for energy generation [29].





3. Hydrogen


Hydrogen is a gas with a high calorific value that can be obtained from various raw materials and used in different energy and non-energy applications. The growing interest in this fuel throughout the world is due to its use as a form of energy that contributes to the reduction in greenhouse gases when produced from renewable energy sources [44].



In addition to its substantial energy content, hydrogen is distinguished by its adaptability, possessing the capability to facilitate a wide array of sectors, extending from industrial manufacturing to energy storage and transportation. In contrast to numerous other energy carriers, hydrogen can be synthesized from a variety of feedstocks, encompassing fossil fuels, biomass, and water, which provides considerable flexibility regarding production methodologies. When employed in fuel cells or combustion engines, hydrogen produces solely water as a byproduct, rendering it an attractive option for a carbon-neutral energy transition. Nevertheless, it persists as an energy carrier rather than a primary energy source, necessitating energy-intensive processes for its synthesis, thereby emphasizing the significance of optimizing production techniques to enhance both efficiency and environmental advantages [45].



3.1. Hydrogen Properties


Hydrogen is arguably the gaseous substance that most closely approximates the characteristics of an ideal fuel, attributable to its elevated flame velocity, extensive combustion limits, facile ignition, and the complete absence of particulate matter during its oxidation process. Among all fuels currently obtainable, hydrogen (H2) showcases superior energy density per unit mass, exhibiting a calorific value that is three times that of traditional petroleum fuels; additionally, in its liquefied condition, it manifests the most notable cooling characteristics. Conversely, its predominant limitations include an exceedingly low density and a minimal boiling point, necessitating advanced storage methodologies, as well as elevated production costs [46,47].



From a physicochemical viewpoint, hydrogen (H2) is acknowledged as the least massive element in the periodic arrangement, distinguished by a molar mass of just 2.016 g/mol, which makes it roughly fourteen times less dense than the surrounding atmospheric air. This property correlates with its low density of 0.0899 kg/m3 at standard conditions of 0 °C and 1 atm. By comparison, diesel is about 830 kg/m3, and gasoline would be somewhat lighter, at close to perhaps 720 kg/m3. Although this reduced density enhances its potential energy efficiency per mass, it presents considerable challenges concerning storage and transportation, which necessitate either high-pressure compression or liquefaction at extremely low temperatures, that is, −253 °C [48,49].



In the context of combustion, hydrogen reveals extraordinary attributes that underscore its viability as a fuel source. Hydrogen exhibits an adiabatic flame velocity of around 2.65 m/s, significantly outpacing that of gasoline (~0.37 m/s) and diesel (~0.30 m/s). This phenomenon facilitates rapid and efficient combustion, thereby allowing for complete oxidation without the concomitant production of soot. Furthermore, hydrogen possesses broad flammability limits in atmospheric conditions, ranging from 4% to 75% by volume, which renders it highly reactive and readily ignitable. Nevertheless, this heightened reactivity necessitates stringent control measures to mitigate risks, particularly in industrial settings [50].



Notwithstanding these benefits, the volumetric energy density of hydrogen constitutes a pivotal concern. Although it boasts a heating value (PCS) of 142 MJ/kg, considerably greater than that of gasoline (~46 MJ/kg) and diesel (~45 MJ/kg), its low volumetric energy density (12.8 MJ/m3 in the gaseous phase) necessitates significantly larger storage volumes to equate to the energy capacity of liquid fossil fuels. In contrast, diesel and gasoline provide approximately 35 to 38 MJ/L, rendering them more practical alternatives for storage and transportation in volumetric contexts [45,46,47,48,49].



One of the other uniquely valuable traits that hydrogen has is its combustion characteristic, namely, it burns clean. Unlike diesel and gasoline, which emit gases such as carbon dioxide (CO2), hydrogen releases only water vapor on combustion, which means no smoke or other emissions derived from burning carbon compounds. Nevertheless, under conditions of elevated combustion temperature, the precursors for nitrogen oxides (NOx) are still present, so NOx emission-reducing measures will have to be taken in industrial and transportation-related applications [51].




3.2. Hydrogen Routes


Hydrogen is not a primary fuel but rather a secondary energy carrier, as it is typically bound to other elements in nature. Its molecular form (H2) is rarely found in natural reservoirs (referred to as “white hydrogen”). To be utilized as an energy source, hydrogen must be extracted from various compounds, which invariably requires an external energy input. The methods for producing hydrogen are diverse, ranging from processes that rely on fossil fuels to those that employ renewable resources. Industrial-scale hydrogen is most economically produced from fossil fuels, through methods like coal pyrolysis, oil refining, and steam methane reforming (SMR) from natural gas. However, it can also be generated via renewable pathways, such as thermochemical or biological conversion of biomass, or the electrolysis of water powered by renewable energy sources [18].



The classification of hydrogen into different colors is directly linked to the method of production, with each color representing a specific production pathway. For example, “green hydrogen” refers to hydrogen produced via water electrolysis using electricity derived from renewable sources. This color-based nomenclature provides a framework for understanding the environmental impact and energy source associated with each hydrogen production method. The various colors—such as gray, blue, and turquoise—serve to distinguish hydrogen based on its carbon footprint and the sustainability of its production process [52,53].



3.2.1. Green Hydrogen


Green hydrogen is produced from renewable energy sources (such as wind, solar, and hydroelectric power), with water electrolysis being the predominant method of production. In this process, water (H2O) is split into oxygen (O2) and hydrogen (H2) using electricity generated from renewable sources like solar, wind, or hydroelectric power [52]. The electrochemical reaction occurring during electrolysis can be represented by the following Equation (1):


  2   H   2   O   l   + 118.6    k J   m o l      e l e t r i c i t y   + h e a t → 2   H   2   ( g ) +   O   2   ( g )  



(1)







The value of 118.6 kJ/mol represents the minimum energy required to perform the electrolysis of water. “Heat” was also added to the reaction to represent a scenario where there is a contribution of energy from external renewable sources or from some particularity of the system. The efficiency of the electrolysis process can vary significantly depending on several factors, including the technology used, the purity of the water, operational temperature and pressure, as well as the electricity source. Green hydrogen, produced from renewable energy sources, can reduce CO2 emissions by 21.74 kg for every kg replaced by gray hydrogen. Electrolysis technologies include alkaline electrolysis (AE), proton exchange membrane electrolysis (PEM), and solid oxide electrolysis (SOE). AE is one of the most established and widely used technologies. In this method, an alkaline solution, typically sodium hydroxide (NaOH), is used as an electrolyte. The typical efficiency of alkaline electrolysis ranges from 60% to 80%. The simplicity of the design and the relatively low operating costs make this technology a viable option for large-scale production; however, its low power density limits its ability to respond rapidly to fluctuations in energy demand [52,53,54,55].



PEM electrolysis, on the other hand, employs a proton exchange membrane that allows for the passage of hydrogen ions while preventing the flow of gases such as oxygen. This technology offers a higher power density and a quicker response to fluctuations in electrical load, making it ideal for integration with intermittent renewable sources. However, the high cost of materials and the complexity of the system limit its widespread adoption. The efficiency of PEM electrolysis typically exceeds 70% and can reach up to 85% under optimal conditions [56,57].



SOE is an emerging technology for producing green hydrogen, operating at high temperatures (700 °C to 1000 °C) and achieving efficiencies exceeding 90%, especially when integrating waste heat from industrial processes and nuclear reactors. While it offers significant advantages in terms of efficiency and potential cost reduction due to its use of heat, SOE faces challenges related to system complexity and the need for materials that can withstand high temperatures. Compared to AE and PEM electrolysis, SOE excels in efficiency but may be less flexible in applications requiring rapid response, where PEM technology shines [58,59].



Emerging electrolysis technologies, such as concentrated solar power (CSP) electrolysis and anion exchange membrane (AEM) electrolysis, show promising efficiencies for green hydrogen production but still face significant challenges that limit their scalability. CSP electrolysis harnesses heat generated from concentrated solar sources; however, it relies on advanced infrastructure and integration with energy storage systems, which can increase costs and complexity for large-scale implementation. On the other hand, AEM electrolysis, which is less dependent on expensive materials like precious metals, is still in the early stages of development and faces challenges related to material durability and process efficiency under variable operating conditions [53,60,61].




3.2.2. Pink Hydrogen


Pink hydrogen is a form of hydrogen produced through the electrolysis of water, utilizing nuclear energy as the source of electricity. This approach integrates hydrogen generation with energy derived from nuclear power plants, providing a low-carbon alternative and contributing to the transition towards a more sustainable energy system. Nuclear power plants generate electricity through nuclear fission, releasing a substantial amount of energy without the direct emission of greenhouse gases. The electricity generated is then employed to perform the electrolysis of water, in which water is dissociated into gaseous hydrogen and gaseous oxygen through the passage of an electric current [62,63]. The reaction can be represented according to Equation (2):


  2   H   2   O  →  e l e t r i c i t y   2   H   2   ( g ) +   O   2   ( g )  



(2)







The efficiency of electrolysis typically ranges from 60% to 80%, depending on the technology employed, and is combined with the energy generation efficiency of nuclear power plants, which typically ranges from 33% to 37%. Thus, the production of pink hydrogen can offer a competitive alternative for reducing carbon emissions, particularly in regions where nuclear energy is an abundant resource. Studies indicate that by employing advanced electrolysis technologies, such as PEM electrolysis, the overall efficiency of the process can be optimized, resulting in hydrogen production with reduced environmental impacts [15,64,65].



However, the adoption of pink hydrogen faces several challenges. Public acceptance of nuclear energy is a critical issue, as many citizens continue to have concerns regarding safety, waste management, and the environmental impact of nuclear power plants. Additionally, the high initial infrastructure costs for both nuclear facilities and electrolysis systems may limit the economic competitiveness of pink hydrogen compared to alternatives such as green hydrogen. Effective management of nuclear waste, which remains a persistent concern, must also be addressed to ensure the long-term viability of this technology [62,66].




3.2.3. Gray Hydrogen


Gray hydrogen is primarily produced through the steam methane reforming (SMR) process, a thermochemical method that converts methane (CH4) into hydrogen and carbon dioxide (CO2). This method is the most widely used globally due to its economic viability and the abundance of natural gas as a raw material source. The steam reforming process, which is the predominant technique, occurs in two main stages [53]. First, methane is mixed with steam at high temperatures (700–1000 °C) in the presence of a nickel catalyst, resulting in the production of carbon monoxide and hydrogen, as illustrated in Equation (3):


    C H   4   +   H   2   O → C O + 3   H   2    



(3)







Subsequently, the generated carbon monoxide undergoes an additional reaction (shift) with water vapor, which maximizes hydrogen production and the release of CO2, as shown in Equation (4):


  C O +   H   2   O → C   O   2   +   H   2    



(4)







Although this method is economically viable due to the abundance of natural gas and existing infrastructure, it generates large amounts of carbon dioxide, significantly contributing to greenhouse gas emissions. The production of one kilogram of gray hydrogen can result in up to 12 kg of CO2 emissions, raising ethical and environmental concerns about its continued use. While gray hydrogen represents a short-term solution to meet industrial demand, its reliance on fossil fuels and contribution to global warming makes its sustainability questionable. In response to these challenges, cleaner alternatives, such as blue hydrogen—which incorporates CCS technologies—are being developed [67,68,69].




3.2.4. Blue Hydrogen


Blue hydrogen is also produced through the steam reforming process. The key distinction between blue hydrogen and gray hydrogen lies in the implementation of CCS technologies, which capture CO2 before it is released into the atmosphere, safely transporting and storing it in deep geological reservoirs such as aquifers, depleted oil and gas fields, or even unminable coal beds. Moreover, blue hydrogen generates only 1 kg of CO2 per kg of H2 produced, approximately 83% less than gray hydrogen. This approach not only significantly reduces the carbon footprint associated with hydrogen production but also contributes to climate change mitigation, positioning blue hydrogen as a viable intermediate solution in the transition towards a low-carbon energy matrix [53,70].



However, while blue hydrogen offers advantages in reducing greenhouse gas emissions, its reliance on fossil fuels raises concerns about its long-term sustainability. The economic and technical feasibility of the infrastructure required for the capture, transport, and safe storage of CO2 presents a significant challenge. The effectiveness of CCS technologies is critical, as insufficient CO2 capture could undermine the environmental benefits of blue hydrogen. Additionally, the availability of suitable geological storage sites for CO2 must be considered to ensure the safety and efficacy of the process. Despite these limitations, blue hydrogen is often recognized as an essential component in the decarbonization pathway, serving as a bridge between fossil-based hydrogen sources and more sustainable production methods, such as green hydrogen [15,70,71].




3.2.5. Turquoise Hydrogen


Turquoise hydrogen is gaining increasing attention due to its potential to offer a more sustainable alternative compared to gray and blue hydrogen. The production of turquoise hydrogen involves methane pyrolysis, a thermochemical process that occurs at high temperatures (typically above 1000 °C) and results in the decomposition of methane into H2 and solid carbon (C), instead of CO2 as a byproduct [53,72], as shown in Equation (5):


  C   H   4    →  H i g h   T e m p e r a t u r e s   C   s   + 2   H   2   ( g )  



(5)







This approach not only generates hydrogen but also produces solid carbon, which can be used in various industrial applications, such as the manufacturing of electrodes, composite materials, and carbon capture and storage. This method has garnered interest due to its efficiency and potential to reduce the carbon footprint associated with hydrogen production. Methane pyrolysis can be carried out in fixed-bed, rotating-bed, or fluidized-bed reactors, the latter of which has shown promise due to improved heat transfer and uniform material distribution, resulting in higher process efficiency. In terms of efficiency, methane pyrolysis offers significant advantages, not only because it can utilize thermal energy from renewable sources but also because conversion efficiencies of up to 85% to 95% can be achieved, depending on operational conditions and reactor design [72,73,74].




3.2.6. Biological Route


Biological hydrogen production represents a promising approach to sustainable and renewable energy, leveraging microorganisms to convert organic matter into hydrogen. This process utilizes natural biochemical reactions conducted by bacteria, algae, or other organisms, often using energy sources such as sunlight or organic waste. A key advantage of this pathway is the potential to use agricultural and industrial residues, promoting a circular economy. Additionally, low emissions of polluting gases and potential cost reductions are significant benefits of this technology, especially compared to conventional hydrogen production methods such as natural gas reforming or electrolysis. Although promising, biological production still faces technological and economic challenges, including low conversion efficiency and the need for optimization of microorganism cultivation systems [75].



Photosynthesis is a process in which phototrophic microorganisms, such as microalgae and photosynthetic bacteria, harness solar energy to produce biological hydrogen. These organisms have the ability to capture sunlight and perform water photolysis, releasing oxygen (O2) and protons (H⁺), which, through the action of the enzyme hydrogenase, are converted into molecular hydrogen (H2) [76], as shown in Equations (6) and (7).


  2   H   2   O  →  s u n l i g h t   4   H   +   +   4   e −   +   O   2    



(6)






  4   H   +   + 4   e   −    →  h y d r o g e n a s e   2   H   2    



(7)







Microalgae, for example, contain an enzyme called hydrogenase, which catalyzes hydrogen production under anaerobic conditions. Photosynthetic bacteria, on the other hand, can carry out this conversion in light-rich, oxygen-poor environments by using simple organic substrates. Despite its great potential, the efficiency of this process remains low, primarily due to the inhibition of hydrogen production by the oxygen generated during photosynthesis. Consequently, current research is focused on advancing the metabolic engineering of these organisms and developing technologies to optimize hydrogen yield [77,78].



Fermentation is another biological pathway for hydrogen production, involving the conversion of organic matter by microorganisms in anaerobic environments. Agricultural residues such as straw and manure, and industrial byproducts like vinasse, are rich in organic matter. Key hydrogen-producing bacteria include Clostridium, Enterobacter, and Klebsiella. During this process, fermentative bacteria break down carbohydrates such as glucose, generating byproducts like organic acids, carbon dioxide (CO2), and molecular hydrogen (H2) [75,79]. The overall reaction for glucose fermentation to produce hydrogen can be represented by Equation (8).


    C   6     H   12     O   6   + 2   H   2   O  →  f e r m e n t a t i o n   2 C   H   3   C O O H + 2 C   O   2   + 4   H   2    



(8)







Although relatively simple and accessible, fermentation yields less hydrogen compared to other methods due to competition with other byproducts. Current research is focused on enhancing efficiency and yield by optimizing key process parameters, such as temperature, pH, substrate concentration, and hydraulic retention time. Additionally, efforts are directed toward selecting bacterial strains like Clostridium butyricum and Clostridium acetobutylicum, known for their high hydrogen production capacity and efficiency in utilizing diverse substrates [80].




3.2.7. Solar-Driven Route


Solar-powered hydrogen production is a sustainable alternative that aims to harness abundant solar radiation to generate clean hydrogen. This pathway encompasses various technologies that convert solar energy into chemical energy, stored as molecular hydrogen. Key technologies include solar-mediated water photolysis, photovoltaic cells coupled with electrolysis, and concentrated solar power (CSP) systems. Using solar energy for hydrogen production offers the advantage of a renewable, low-emission source. However, it still faces challenges, such as the need to optimize energy conversion efficiency and reduce the costs associated with required infrastructure [81,82,83].



Photolysis is the process of decomposing water into oxygen and hydrogen using direct sunlight. In this method, solar energy is absorbed by semiconductors or photosensitive catalysts that facilitate the splitting of water molecules into protons, electrons, and oxygen. These electrons and protons are subsequently used to form molecular hydrogen. This process is analogous to photosynthesis but without microbial involvement in solar capture. The main challenge with photolysis is its low efficiency in converting solar energy into hydrogen, which has driven the development of more efficient photocatalytic materials, such as doped semiconductors and metal oxide nanoparticles. Despite its environmentally advantageous potential, direct photolysis remains experimental, with current efforts focused on improving process efficiency and material durability [84,85].



Photovoltaic (PV) solar cells produce hydrogen indirectly by converting solar energy into electricity, which then powers an electrolyzer to generate hydrogen—acting as the energy source for electrolysis. Various types of PV cells, such as monocrystalline, polycrystalline, and thin film, each have distinct characteristics in terms of efficiency and cost. The basic principle of these cells is the conversion of photons into an electric current via semiconductor materials like silicon. When sunlight strikes the material, it excites electrons, creating an electric current. This current can power electrolyzers and may also be stored in batteries or used directly to supply electricity to homes, industries, and electric vehicles [86,87].



CSP is an innovative technology designed to maximize solar energy capture by using mirrors or lenses to focus sunlight on a specific point. This concentration generates high temperatures that can be utilized for both electricity generation and hydrogen production through thermal processes. CSP systems include various configurations, such as parabolic dishes, solar towers, and parabolic trough collectors, each with distinct characteristics and applications. In a typical electricity generation process, concentrated sunlight heats a fluid—such as water, thermal oil, or molten salt—to temperatures ranging from 200 °C to 600 °C. The heated fluid is then used to generate steam, which drives turbines connected to electrical generators [88,89].



The thermal energy generated can be directly applied in electrolysis processes, contributing to the decarbonization of industrial and transportation sectors. One of the main advantages of CSP is its capacity for thermal storage, allowing energy collected during the day to be utilized at night or during cloudy periods, thereby enhancing its viability as a renewable energy solution and for sustainable hydrogen production. The average efficiency of CSP systems varies by type: Parabolic dish reflectors exhibit the highest efficiency (up to 35%), followed by central receiver collectors (17–21%), linear Fresnel reflectors (LFRs) (11–19%), and parabolic trough collectors (PTCs) (13–14%). Their application is most viable in regions with high solar incidence, which may limit their geographical expansion. Current research focuses on improving the materials used and the overall efficiency of the systems, aiming to maximize sustainable hydrogen production [88,89,90,91].





3.3. Storage and Transportation


The transportation and storage of hydrogen are critical issues for the viability of its use as an energy carrier, especially as the demand for sustainable and low-carbon solutions grows. Hydrogen, being a low-density gas, presents unique challenges when it comes to compression, liquefaction, and large-scale handling. The ability to store and transport hydrogen efficiently is essential for its integration into various sectors, including transportation, chemical industries, and power generation. Ensuring effective infrastructure and technology for these processes is key to realizing hydrogen’s potential as a versatile energy vector [45].



One of the primary methods for hydrogen transport is compression into cylinders or tanks at high pressures (CGH2), typically ranging from 350 to 700 bar. This technique allows for hydrogen storage in its gaseous state, but it poses challenges in terms of cost and safety, as compression requires significant energy, and the tanks must be designed to withstand high pressures. Alternatively, hydrogen can be liquefied (LH2) in cryogenic tanks at extremely low temperatures, which allows for a much higher energy density. However, the liquefaction process is energy-intensive and may compromise the overall efficiency of the system. In response to these limitations, emerging technologies are being explored where hydrogen is stored in the form of metal hydrides. These materials can absorb and release hydrogen safely, but they still lack large-scale development for commercial applications. Other structures, such as metal–organic frameworks (MOFs) and nanomaterials, show potential for high-density storage but require further research to optimize their performance for practical use [45,92].



The transportation of hydrogen has expanded to include the use of existing pipeline infrastructure, which can provide a cost-effective and efficient solution. Pipeline transport can be employed to transfer hydrogen from production sites to consumption centers, such as industries and power plants, over long distances. However, existing infrastructure is often inadequate for transporting pure hydrogen due to its high diffusivity and tendency to cause hydrogen embrittlement (HE) in materials. To overcome these challenges, high-strength alloys and specialized coatings are being implemented, and blending hydrogen with natural gas in pipelines has been adopted as a strategy to ease the transition [92,93].



Transporting hydrogen in chemical forms such as ammonia (NH3) or methanol (CH3OH) is emerging as a viable option, as these compounds can be easily handled and transported using existing fuel transportation infrastructure. For instance, converting hydrogen into ammonia allows for higher energy density and safer transport, although the conversion processes must be optimized in terms of efficiency and cost. Integrating carbon capture technologies and implementing policies that encourage investment in research and development are essential to ensure that transportation and storage methods are not only efficient but also economically viable. These strategies are critical for scaling up hydrogen infrastructure to support the broader adoption of hydrogen as a clean energy carrier [94,95].




3.4. Energy and Industrial Applications of Hydrogen


Hydrogen, with its versatility, enables its use in a wide range of energy and industrial applications, replacing traditional fossil fuels in sectors where electrification is difficult or impractical. Hydrogen applications can be classified into two major categories: established applications and emerging applications, each with its respective challenges and potential [96].



3.4.1. Conventional Energy Applications


One of the most traditional uses of hydrogen is as a feedstock in the petrochemical industry, primarily in petroleum refining processes and ammonia production. In the refining industry, hydrogen is utilized in hydrotreating processes, which remove sulfur from petroleum derivatives, and in hydrocracking, where heavy fractions of oil are converted into lighter, more valuable fuels. The demand for hydrogen in these processes is intrinsically linked to global oil consumption, which poses a limitation from the perspective of the energy transition, as these industries remain heavily dependent on fossil fuels [97,98,99].



In ammonia production, hydrogen is essential for the Haber–Bosch process, in which atmospheric nitrogen is combined with hydrogen to produce ammonia (NH3), a crucial input in fertilizer manufacturing. While this process is one of the largest consumers of hydrogen globally, most of the hydrogen used is produced from natural gas, resulting in significant volumes of carbon dioxide as a byproduct. Transitioning to green hydrogen in these sectors is viewed as a promising solution to reduce the greenhouse gas emissions associated with fertilizer production [98,99,100].



One increasingly sought-after application of hydrogen is in stationary energy generation, where it is utilized in fuel cells to produce electricity with high efficiency (50–60%) and zero local pollutant emissions. In remote areas or as backup power systems, hydrogen presents a promising alternative to diesel generators, ensuring a continuous supply of electricity, particularly in locations with limitations on the use of traditional power grids. Fuel cells are also being integrated into microgrid systems, where hydrogen is combined with renewable energy sources such as solar and wind power. In this context, hydrogen serves as an energy storage medium, effectively smoothing out the intermittency associated with renewable sources [101,102].



In the mobility sector, hydrogen has gained prominence in transportation applications, particularly for heavy vehicles such as trucks, trains, and buses. Hydrogen fuel cells offer advantages over electric batteries in terms of energy density and refueling time. Lightweight hydrogen-powered vehicles are also under development, with automakers investing in fuel cell technologies that compete with battery electric vehicles (BEVs). However, the hydrogen refueling infrastructure remains a significant challenge, limiting large-scale adoption, especially in areas with lower population density [103,104,105,106].




3.4.2. Emerging and Promising Applications


In addition to established applications, hydrogen is emerging as a solution in sectors facing challenges in decarbonization. A notable example is the steel industry, which accounts for approximately 7% of global CO2 emissions. Currently, the traditional steel manufacturing process relies on coal as a reducing agent to convert iron ore into metallic iron, releasing significant amounts of carbon dioxide in the process. Substituting coal with hydrogen in processes such as Hylsa and MIDREX for direct reduced iron (DRI) production presents a significant opportunity to eliminate CO2 emissions, with water as the sole byproduct. Hydrogen-based direct reduction (HyDR) is gaining traction as a sustainable alternative, with studies indicating its potential to substantially reduce global CO2 emissions from the steel industry. This represents one of the most significant opportunities for the large-scale use of hydrogen in industrial applications [107,108,109].



Another emerging sector benefiting from hydrogen is aviation, which faces significant challenges in electrification, particularly on long-distance routes. Hydrogen can be utilized directly in modified combustion engines or in fuel cells to power electric propulsion systems. Aerospace companies are investing in hydrogen-powered aircraft, both in its liquid form and in combination with biofuels, to drastically reduce carbon emissions. However, this technology still encounters technical challenges related to the safe storage of liquid hydrogen on aircraft and its comparatively low energy density compared to aviation kerosene [110,111,112].



Additionally, hydrogen is being considered as a decarbonization solution for high-temperature industrial sectors, such as cement and glass production, where the electrification of furnaces is not feasible due to the requirement for extremely high temperatures. Replacing fossil fuels with hydrogen in these processes could significantly reduce CO2 emissions; however, technical challenges such as adapting furnaces and the high cost of hydrogen still need to be addressed [113,114].



A promising yet less explored application of hydrogen lies in large-scale energy storage. In systems with increasing integration of intermittent renewable sources, such as solar and wind, hydrogen provides a solution for storing excess energy generated during periods of low demand. This stored hydrogen can be converted back into electricity during times of high demand or used directly as fuel. Technologies like power-to-gas (P2G) are being developed to convert renewable electricity into hydrogen, which can be injected directly into natural gas networks or stored for future use, creating an efficient energy utilization cycle [115,116,117].





3.5. Challenges and Safety in Hydrogen Utilization


The use of hydrogen as an energy and industrial vector, while promising in terms of decarbonization and energy efficiency, is accompanied by a series of technical, economic, and safety challenges that must be addressed for this technology to be viable on a large scale. The specific nature of hydrogen, both in its chemical and physical properties, necessitates rigorous and sophisticated measures to ensure its safe handling and efficient use. In this context, the challenges span from production, transportation, and storage to end-use operations, all requiring technological innovations and stringent regulations to mitigate the associated risks [118,119].



3.5.1. Technical and Economic Challenges


The first and perhaps most critical challenge in the utilization of hydrogen is its sustainable, large-scale production in a clean manner and at competitive costs. Although hydrogen can be produced from various sources, representing a low-carbon solution, it still faces significant challenges regarding cost. Electrolysis, for example, is an energy-intensive process, and the efficiency of current technologies such as PEM and AEM still requires optimization to reduce the final cost of the produced hydrogen. The economic viability of green hydrogen heavily depends on the availability of cheap and abundant renewable energy sources, which is not yet a reality in many regions around the world. Currently, the cost of producing hydrogen is much higher than that of traditional fossil fuels, limiting its competitiveness in industrial sectors [15,120,121].



Brazil has characteristics that place it in a privileged position as a competitor in the chain of sustainable hydrogen. The country has a diversity of renewable energy resources, such as wind, solar, ethanol, and hydroelectric power, which can be used in the production of H2 through electrolysis or natural gas steam reforming. The production of H2 also provides a way to store the energy generated from sources that are normally limited in terms of availability due to seasonality (i.e., solar and wind power). Moreover, the geographic position and vast territory of Brazil expand opportunities for the exploration of H2 in the domestic market (industry and transportation) and external market through exportation, especially to Europe [29].



Another significant challenge lies in the storage and transportation of hydrogen, particularly due to its low volumetric density, which necessitates large volumes to store relatively small amounts of energy. For long-distance transport or use in industrial and energy applications, hydrogen must be compressed at extremely high pressures or liquefied at cryogenic temperatures, with both processes requiring advanced technologies and, consequently, entailing high costs. Additionally, the construction of a dedicated hydrogen transportation infrastructure, such as pipelines or transportation systems via trucks and vessels, faces both economic and logistical barriers. Although it is possible to inject hydrogen into existing natural gas networks, the compatibility of pipeline materials and the efficient blending of hydrogen and natural gas remain subjects of ongoing research [45,92,120,122].



In addition to the challenges of production and infrastructure, the integration of hydrogen with existing energy technologies poses another complex obstacle to its large-scale utilization. Transitioning to hydrogen requires significant adaptations in sectors such as electricity generation, transportation, and energy-intensive industries that currently rely on fossil fuels. The main challenges revolve around efficiency and operational stability, as well as issues related to monitoring and control systems, in addition to the current lack of scalable hydrogen production. In the transportation sector, for instance, although hydrogen fuel cells present a promising solution, the infrastructure for refueling and the development of compatible vehicles remain in the early stages compared to battery-powered electric vehicles. The absence of a comprehensive and accessible infrastructure limits the widespread adoption of hydrogen-powered vehicles, which require appropriate and secure locations for refueling. Furthermore, the gradual replacement of internal combustion engines with hydrogen fuel cells necessitates the establishment of extensive and secure distribution networks, along with international standards, to ensure the compatibility of refueling systems [25,123,124,125].



In industry, the conversion of existing technologies for hydrogen uses faces both technical and economic challenges. Industrial processes such as steel and cement production, which are highly carbon-intensive, need to be adapted to utilize hydrogen as an energy source or as a chemical reductant. However, this adaptation is not trivial, as hydrogen operates under thermal conditions and pressures different from those of fossil fuels, which may require a complete overhaul of industrial plants. Furthermore, the retro compatibility with natural gas networks, which in some cases may blend a certain percentage of hydrogen, faces technical limitations related to material embrittlement and the need for the reconfiguration of combustion equipment. Thus, the transition to hydrogen utilization demands substantial investments in research and development, not only to enhance emerging technologies but also to adapt existing infrastructures and systems, ensuring that this transition is efficient, safe, and economically viable [93,107,113,114].




3.5.2. Safety in the Use of Hydrogen


Hydrogen, due to its chemical nature, presents complex safety challenges that are considerably different than those associated with fossil fuels. It is highly flammable and possesses a wide range of flammability, meaning it can ignite over a broad spectrum of concentrations in air. Additionally, hydrogen has a relatively low ignition point, and the energy required to initiate combustion is significantly lower than that of fuels such as methane or gasoline. These characteristics render hydrogen particularly hazardous in the event of leaks, especially in confined spaces. Even small amounts of hydrogen that escape into the atmosphere can rapidly form explosive mixtures, underscoring the urgent need for advanced monitoring systems to detect and mitigate leaks before they result in accidents [126,127,128].



Another risk factor associated with hydrogen is its rapid dispersion and odorless nature. Being the smallest element on the periodic table, hydrogen molecules can penetrate many materials, leading to issues such as the hardening and embrittlement of metals. This can compromise the integrity of storage containers, pipelines, and valves, posing a critical challenge in constructing safe and durable systems for handling the gas. Computational fluid dynamics (CFD) modeling is increasingly employed to predict hydrogen dispersion and inform safety assessments. Identifying materials resistant to these effects and developing suitable coatings or metal alloys are areas of intense research [129,130,131].



Additionally, while hydrogen is non-toxic, its low density and high diffusivity can result in leaks that are undetectable by conventional means, as the gas is colorless, odorless, and tasteless. This necessitates the development and implementation of highly sensitive and effective sensors capable of detecting small concentrations of hydrogen in the air to prevent potential explosions. Several sensors are currently being researched and developed to address this issue, including eye-readable reversible sensors (ERSs), 3ω sensors, HPNN sensors, and optical and acoustic sensors. In high-safety-demand areas such as industrial plants and hydrogen refueling stations for fuel cell vehicles, these monitoring systems must be highly robust and incorporate redundancies to ensure continuous protection [45,89,90,91,92,127].




3.5.3. Advances and Risk Mitigation


To address these challenges, the scientific and industrial communities have been actively seeking innovative technological solutions and enhancing regulations to ensure the safe and efficient use of hydrogen. Implementing stringent safety standards throughout the hydrogen life cycle, from production to end use, has become a priority to ensure that infrastructures are designed according to the highest safety standards. Moreover, advancements in fuel cell technology and the design of safer storage tanks using materials capable of resisting hydrogen embrittlement have significantly improved safety and reliability in the use of hydrogen across various sectors [129,132,133,134,135,136,137,138].



Another important area of development lies in real-time monitoring systems that utilize hydrogen sensors to detect hazardous concentrations and leaks, automatically triggering containment mechanisms. These systems are crucial for large-scale operations, such as the transportation and storage of liquid or compressed hydrogen, where the risks of failure must be minimized [131,139,140,141].



Initiatives and innovations in the H2 industry are being driven by the current technological, economic, and political context. Decarbonization goals set out in the Paris Agreement and strengthened at COP26 underscore the need for technological options to reduce emissions in fossil fuel-dependent sectors of the economy, such as transportation and energy-intensive industries. Additional drivers have also emerged, such as the Net Zero Bank Alliance (NZBA) led by the United Nations (UN), which establishes guidelines for the availability of credits based on the commitment of investors to resolving the climate issue and the carbon emissions of each project funded [44].






4. Combustion


Combustion is an exothermal oxidative reaction in which fuel reacts quickly with the oxidant (generally air or O2), producing energy in the form of heat as the reactants are consumed and transformed into products. This process plays a fundamental role in the use of fuels for residential and industrial heating, steam generation for industrial processes and electricity production, incineration of solid waste, and propulsion of internal combustion engines, gas turbines, and rockets. The fuel can be solid, liquid, or gaseous, and petrochemical, biological, or alternative. A source of heat/ignition is needed to start the reaction, providing the activation energy necessary for the fuel to overcome its fire point. The air-to-fuel ratio must be within the appropriate range so that combustion can occur. Once initiated, the energy generated in the form of heat anchors the reaction until the occurrence of a thermal balance between the products and reagents [45,46].



The combustion reaction may be complete or incomplete. With complete or stoichiometric combustion, all the fuel is burned until the end, while with incomplete combustion, part of the unburned fuel is found in the products. In the standard combustion of hydrocarbons with oxygen, the oxidation reaction is given by Equation (9), which represents the complete combustion reaction of a hydrocarbon:


    C   x     H   y   + z   O   2   → x   C O   2   +    y   2      H   2   O + e n e r g y  



(9)




in which x, y, and z = x + y/4 are stoichiometric coefficients.



The minimum amount of air necessary for the complete combustion of a fuel is denominated stoichiometric air or theoretical air. When a fuel is burned completely with theoretical air, no uncombined oxygen is present in the flue gases [30,45]. Complete combustion requires adequate (a) supply of atmospheric air or oxygen, (b) fuel-to-air ratio, (c) temperature in the combustion chamber for fuel ignition, and (d) residence time in the combustion chamber. Complete combustion typically produces a light blue and stable flame, indicating the presence of an optimal fuel-to-oxygen mixture. This flame is less visible but exhibits higher temperatures and cleaner burning characteristics. The complete reaction generally reaches elevated temperatures, as all the energy from the fuel is converted into heat [30,142,143].



In complete combustion, the reaction between fuel and oxygen occurs under optimal conditions, resulting in the total conversion of the fuel into stable products, predominantly carbon dioxide (CO2) and water (H2O). This process maximizes energy release, as the complete oxidation of hydrocarbons generates the highest possible amount of usable energy. Furthermore, despite the production of CO2, it releases a lower quantity of harmful pollutants into the atmosphere, as the reaction products are more stable and less reactive [144].



Since insufficient airflow leads to incomplete combustion, excess theoretical air is normally used in actual combustion processes to increase the chance of complete combustion or control the temperature in the combustion chamber, even if this causes fuel waste and unburned residues, and increases the energy lost by the system [9,11,21]. Incomplete combustion can produce either carbon monoxide or soot. These general reactions of standard incomplete hydrocarbon combustion are given by Equations (10) and (11):


    C   x     H   y   + z   O   2   → x C O +    y   2      H   2   O + e n e r g y  



(10)






    C   x     H   y   + z   O   2   → x C +    y   2      H   2   O + e n e r g y  



(11)




in which x, y, and z are stoichiometric coefficients.



Incomplete combustion is often accompanied by a yellow or orange flame, resulting from the incandescence of unburned carbon particles. This type of flame is more unstable and produces a higher amount of soot, reflecting the inefficiency of the combustion process. Insufficient oxygen leads to the formation of intermediate products, such as carbon monoxide (CO), elemental carbon (C, in the form of soot), and, in some cases, volatile organic compounds (VOCs) such as aldehydes, ketones, and BTEX compounds. Consequently, the energy released during incomplete combustion is significantly lower, indicating reduced efficiency compared to complete combustion. The emission of CO is particularly concerning, as it is a toxic gas that can cause serious health issues, such as poisoning, and contributes to the formation of smog, which is the accumulation of air pollution in the atmosphere of cities in the form of haze. Soot particles, which can accumulate in the lungs and atmosphere, also have direct implications for air quality and public health, increasing the risk of respiratory and cardiovascular diseases [145,146,147].



The differences between complete and incomplete combustion have significant practical implications that directly impact energy efficiency, environmental sustainability, and public health. Combustion efficiency is a crucial factor in heating systems and power generation, where maximizing energy production and minimizing resource waste are primary objectives, especially considering the increasing demand for energy and the urgent need to reduce greenhouse gas emissions. In this context, efficiency becomes particularly evident in high-efficiency burners used in industrial furnaces, boilers, and heating systems. These burners are designed to optimize the fuel–air mixture, ensuring complete combustion. Advanced technologies such as oxygen sensors are now incorporated to optimize fuel–air ratios in automotive applications, enhancing combustion efficiency and reducing emissions through continuous monitoring and adjustment of operational conditions [148,149,150,151].



The combustion behavior of fossil fuels such as coal, oil, and natural gas is significantly influenced by their chemical composition and physical properties. The characteristics of each type of combustion not only affect energy efficiency and pollutant emissions but also have direct implications for the selection of fuels in various industrial and consumer contexts. Firstly, the nature of fossil fuels such as coal, oil, and natural gas is a determining factor in how they behave during combustion [152,153].



Natural gas, predominantly composed of methane (CH4), is often selected for its high combustion efficiency and its ability to produce significantly fewer undesirable byproducts compared to other fossil fuels. The complete combustion of methane results in low emissions of carbon monoxide (CO), nitrogen oxides (NOx), and particulate matter, making it widely used in residential and industrial applications where energy efficiency and emissions reduction are priorities. The combustion of natural gas in power plants and natural gas vehicles (NGVs) leads to significantly lower CO2 emissions and improved engine efficiency, although NOx emissions may increase. Furthermore, the existing infrastructure for natural gas distribution and its ease of use in heating processes and electricity generation further enhance its viability [154,155,156].



The chemical and mineralogical composition of coal plays a crucial role in its combustion behavior, particularly influencing the ash melting temperatures and the characteristics of ash-related issues such as slagging and fouling. Coal combustion is often less efficient and more polluting due to incomplete combustion, especially under inadequate oxygen conditions, resulting in the formation of CO and soot, and significant emissions of sulfur oxides (SOx) and NOx. These pollutants are harmful to health, contributing to respiratory and cardiovascular issues, as well as climate impacts such as ozone formation and acid rain. While coal remains economically viable in regions with favorable infrastructure, its environmental implications necessitate emission control technologies such as carbon capture and storage (CCS) to mitigate its effects [127,128,129,130,131,132,133,134,135,157,158,159].



Liquid fuels such as gasoline and diesel exhibit relatively efficient combustion, achieving nearly complete combustion under optimized conditions, which results in lower emissions of pollutants such as carbon monoxide and particulate matter compared to coal. This efficiency is further enhanced using advanced combustion techniques such as moderate and intensely diluted combustion (MILD), which improves the homogeneity of the fuel–air mixture and reduces pollutant formation. Additionally, the employment of optimized fuel formulations and specific additives can further enhance performance and reduce emissions. Gas-to-liquid (GTL) fuels, produced from natural gas via Fischer–Tropsch synthesis, have a high cetane number, resulting in more efficient combustion with lower emissions of pollutants such as SOx and particulate matter compared to conventional fossil fuels [160,161,162].



In addition to their ease of transportation and storage, liquid fuels’ ability to mix with air, their chemical composition, their atomization capacity, and their generation of fewer solid residues when burned are distinguishing characteristics. These features make them attractive options for applications where emission control is critical, such as in automobile engines and power generators. In urban environments, where air quality is a constant concern, the combustion efficiency of liquid fuels can help meet environmental regulations and public health standards [161,162,163].



Combustion occurs in various forms, not all of which are accompanied by flames or luminescence. The most important combustion mechanisms are deflagration and detonation. Deflagration is subsonic combustion characterized by a flame that propagates normally by thermal conductivity from the mixture of water and unburned vapor, resulting in accentuated temperature gradients and concentrations of species and accompanied by luminescence. Detonation consists of shock waves propelled by the release of energy in a chemical reaction zone, the speed of which is much higher than that of sound, often reaching Mach 5, as in the case of a mixture of hydrogen fuel and air [18,164,165].



Experiments have shown that a flame can only propagate within a range of mixture concentrations between the upper and lower limits of flammability. If small quantities of fuel gas or fuel vapor are gradually added to the air, the mixture becomes flammable at a certain point. The percentage of fuel at this point, called the lower limit of flammability, corresponds to the poorest mixture that allows stable flame propagation. If more fuel is added, another point will eventually be reached at which the mixture no longer burns. The percentage of fuel at this point is denominated the upper limit of flammability, which corresponds to a richer mixture [18,166].



In combustion processes, the energy released generally produces a flame that can propagate through space at a subsonic speed and with a wave frequency that depends on the degree of atom excitation and the purity of fuel to be oxidized. Combustion involves not only the field of physics that studies mass and energy transport, thermodynamics, and momentum transport in systems with a flow of reagents, but also the study of reactions, levels of emissions, and the release of heat and radiation. Most fundamental studies on flame combustion are conducted using gaseous or pre-vaporized fuels. Under a continuous flow of the air–fuel mixture, flames are divided into two main classes: premixed flames and diffusion flames, depending on whether the fuel and air are mixed prior to ignition or initially mixed by diffusion in the flame zone, respectively. Based on the predominant flow regimes, both types of flame can also be classified as laminar or turbulent [18,30].



Combustion efficiency is a measure of how much a mixture is burned, with a value of approximately 90% being considered a successful combustion event. Calculations of combustion efficiency presuppose complete fuel combustion and are based on three factors, namely, chemistry of fuel, liquid temperature of exhaust gases, and percentage of oxygen or CO2 per unit volume after combustion. Failure to reach high combustion efficiency is generally considered unacceptable, in part because it implies a waste of fuel but mainly because it results in the emission of pollutants, such as unburned hydrocarbons and CO [29].



Combustion efficiency increases with increased temperature of reactants, contact time, vapor pressure, surface area, and stored chemical energy. The specific heat of combustion indicates the quantity of energy that can theoretically be extracted from a completely burned hydrocarbon. In practical combustion systems, the maximum heat release rate under any operating condition is governed by evaporation, mixture, or chemical reaction but rarely by all three at the same time [18,30].



4.1. Hydrogen Combustion


The use of hydrogen as a fuel is increasingly recognized as a fundamental element in the transition to a sustainable energy matrix, primarily due to its favorable physicochemical properties and high energy density. Hydrogen acts as a clean energy carrier, offering significant advantages over traditional fossil fuels, including reduced greenhouse gas emissions and enhanced energy efficiency. The primary benefit of utilizing hydrogen as a fuel compared to fossil fuels lies in its potential to drastically reduce emissions of greenhouse gases and atmospheric pollutants. When hydrogen is employed in combustion processes or fuel cells, the only byproduct generated is water vapor (H2O), which is in stark contrast to the combustion of fossil fuels [167].



While the combustion of fossil fuels such as coal, oil, and natural gas is directly linked to the release of CO2—the primary target for global organizations aiming to mitigate climate disasters—hydrogen presents a pathway for decarbonizing sectors that would otherwise be challenging to electrify. Blending hydrogen into the existing fuel mix represents a significant opportunity for decarbonization. Recent data indicate that the energy sector accounts for approximately 75% of global greenhouse gas emissions, with fossil fuels being the main contributors; furthermore, renewable energy technologies have the potential to eliminate carbon emissions from 90% of electricity generation by 2050 [9,121].



The combustion of hydrogen is an exothermic chemical reaction in which hydrogen (H2) reacts with oxygen (O2), resulting in the production of a significant amount of energy and water vapor molecules as the primary byproduct. This process has garnered special attention in scientific research and the development of clean energy technologies, as, unlike fossil fuels, hydrogen combustion does not produce direct greenhouse gas emissions [168]. The complete reaction of this gas is expressed in Equation (12):


    2 H   2   +   O   2   →   2 H   2   O + E n e r g y  



(12)







Incomplete combustion of hydrogen is a less common phenomenon compared to the incomplete combustion of fossil fuels, but it can occur under very specific conditions, particularly when there is an oxygen deficiency in the combustion process or in high-temperature and -pressure scenarios where the dissociation of water molecules may take place. Incomplete combustion leads to the formation of undesirable secondary products, such as hydrogen peroxide (H2O2) or traces of unburned hydrogen, instead of solely producing water vapor (H2O) [9,168]. Equation (13) illustrates the incomplete reaction of hydrogen when there is a deficiency in oxygen supply during the reaction.


  2   H   2   +   O   2   → 2   H   2   O + U n r e a c t e d     H   2    



(13)







If the available oxygen is insufficient, the reaction cannot proceed to the complete formation of water vapor, leading to the generation of byproducts such as hydrogen peroxide (H2O2) or even the persistence of unburned hydrogen (H2) in the system. The blending of hydrogen with hydrocarbons can enhance the stability of combustion; however, an excess of hydrogen can disrupt the combustion process, resulting in incomplete reactions. This residual hydrogen released into the environment without undergoing a complete reaction poses a critical problem in terms of both energy efficiency and safety. From an efficiency standpoint, unburned hydrogen fails to release its energy potential, resulting in suboptimal fuel utilization—essentially, energy that could have been harnessed is wasted [9].



Moreover, because hydrogen is a highly flammable gas with a low ignition energy and a wide flammability range, even small quantities of residual hydrogen upon contact with an ignition source can lead to explosions or fires. In combustion systems or industrial facilities where hydrogen is used as a fuel, the uncontrolled release of this gas can result in extremely hazardous conditions, particularly in confined or poorly ventilated areas. Furthermore, due to its status as the lightest molecule, hydrogen can easily escape containment and accumulate in hard-to-detect areas, increasing the risk of accidents [169,170,171].



In situations of excessively high temperatures, the water vapor molecule produced by hydrogen combustion can undergo thermal dissociation, breaking down into its constituents, H2 and O2, or even generating reactive species such as free radicals (OH•, O•, H•), which can compromise the combustion process. This can result in the reintroduction of molecular hydrogen into the combustion environment as a byproduct, thereby characterizing incomplete combustion. Consequently, instead of releasing the full energy potential of hydrogen during the initial combustion, part of it is re-emitted as H2, failing to contribute fully to heat or mechanical energy generation, resulting in lower overall efficiency and greater fuel consumption [172]. The thermal dissociation of water is described by Equation (14):


    H   2   O →   H   2   +    1   2      O   2    



(14)







Dissociation occurs when the reaction temperature exceeds the threshold at which the chemical bonds in water molecules break, typically above 2000 °C. In systems where temperature control is inadequate, this effect can impair combustion efficiency; however, when managed efficiently, it can enhance efficiency by providing additional hydrogen molecules in the system to participate in parallel reactions. This scenario is more common in combustion systems that operate under extreme conditions, such as gas turbines, rocket engines, or hydrogen combustion systems under pressurized conditions. The presence of unburned H2 can increase the risk of explosions or uncontrolled combustions, posing a safety threat [171,172].



Very high pressures can also alter the dynamics of hydrogen combustion. Under high-pressure conditions, the gas flow can become unstable, resulting in areas where the concentration of oxygen is insufficient to sustain complete combustion. These imbalances can create zones of incomplete combustion, where residual H2 or byproducts such as H2O2 are formed. These byproducts are chemically unstable and can decompose violently, releasing additional heat and oxygen. Such decomposition is undesirable in combustion systems, as it can generate unexpected pressures and explosion hazards [172].



To prevent the incomplete combustion of hydrogen, modern combustion systems employ a range of techniques and technologies, such as precise control of the fuel-to-air ratio, oxygen sensors, and automatic regulators that adjust the amount of oxygen in real time. This ensures complete and efficient combustion while avoiding local concentrations of hydrogen that could potentially lead to explosions in extreme cases. In internal combustion engines, for example, incomplete combustion can be mitigated through advanced fuel injection systems and thermal management strategies, which ensure that hydrogen is burned with the appropriate amount of oxygen [173].



Future Perspectives of Hydrogen in Combustion Engines


Throughout this article, it is emphasized that the combustion of hydrogen has emerged as a promising alternative for internal combustion engines, particularly in the context of an energy transition towards carbon neutrality. Its primary advantage lies in its high energy density per unit mass, which significantly surpasses that of traditional fossil fuels such as gasoline and diesel. However, it also presents a major drawback due to its extremely low volumetric density, complicating storage solutions. The development and implementation of hydrogen combustion engines face significant technical challenges, including the management of hydrogen’s flammability and explosiveness, as well as the need for enhancements in combustion control systems [50,167].



The emission of nitrogen oxides during the combustion of hydrogen at elevated temperatures is a significant consideration in engine combustion. As hydrogen combustion reaches high temperatures rapidly, the formation of NOx occurs due to the high reactivity of nitrogen present in atmospheric air when subjected to elevated combustion temperatures (1600–2300 K). Strategies are being developed to control these emissions, either through selective catalytic reduction (SCR) applications or by implementing exhaust gas recirculation (EGR) systems, water injection (WI), compression ratio (CR) reduction, or changes in fuel composition to form blends with fossil fuels, and the use of lean burn combustion has also emerged as a promising approach to mitigate NOx formation without compromising engine efficiency [174,175,176,177].



Recent research has focused on optimizing hydrogen engines to maximize thermal efficiency while minimizing the formation of undesirable byproducts. One of the most promising areas for enabling the use of hydrogen in internal combustion engines (H2-ICEs) is the development of direct injection (DI) systems. These systems address issues such as backfire and allow for precise control of the hydrogen–air mixture, optimizing efficiency and reducing emissions. Hydrogen is considered a promising fuel for decarbonizing the maritime and aviation sectors, and technologies are being developed for its effective use in fuel cells and internal combustion engines [178].



The development of new materials and methods to address the challenging properties of hydrogen is also at the forefront of research. Emerging technologies, such as combustion chambers capable of withstanding high pressures and temperatures, along with direct hydrogen injection systems, are being explored to optimize combustion and mitigate risks associated with uncontrolled burning. However, one of the main bottlenecks for the large-scale adoption of hydrogen engines remains the distribution infrastructure. For hydrogen to become competitive, it is crucial to establish an efficient supply chain, encompassing large-scale green hydrogen production, as well as secure transportation and storage networks. Countries like Japan and Germany are leading efforts in this field, investing in hydrogen plants and refueling infrastructure, with the vision that hydrogen will become a central component of the global energy mix by 2050 [179,180].



However, the future success of hydrogen in internal combustion engines within these sectors will depend not only on technological advancements but also on favorable public policies and economic incentives. The recent introduction of policies promoting green hydrogen production in European Union countries, along with decarbonization initiatives such as the “Fit for 55” program, place hydrogen at the core of climate strategies. Government support for research and the development of hydrogen engines, as well as subsidies for infrastructure development, will be critical factors in accelerating the adoption of this technology. Consequently, the global adoption of hydrogen engines is intrinsically tied to the commitment of governments and industries to invest in sustainable energy solutions for the future [181,182].






5. Burners


A burner is one of the main pieces of equipment that composes a combustion line, whose basic function is to convert chemical energy through the burning of a fuel (solid, liquid, or gaseous) into thermal energy. Burners are traditionally fed with a variety of fuels, the most common of which are natural gas, petrochemical fuels, oil, and coal [183], as shown in Figure 1.



Various factors are involved in the design of a burner, such as heat transfer and pollutant emissions. Significant changes have recently been made to traditional burner designs due mainly to the growing interest in reducing pollutant emissions. In the past, the main focus of burner design was the achievement of efficient fuel combustion and energy transfer for high thermal output. However, increasingly rigorous environmental regulations have required the consideration of pollutant emissions. In many cases, reducing emissions and maximizing combustion efficiency can be achieved simultaneously [184]



The main requirements of a good burner are high thermal efficiency, low emissions of harmful gases and soot, adequate turn-down ratio, flame stability, and the capacity to operate with different types of fuel [185]. The functioning principle of a burner varies in accordance with its design parameters.



5.1. Classification of Burners


The most common of the many ways of classifying burners is discussed in this subsection.



5.1.1. Classification of Burners Based on Air–Fuel Mixture


Burners based on air–fuel mixture can be classified as diffusive, premixed, partially premixed, or staged burners depending on the mixture phenomenon of the fuel and oxidant, with the latter being mainly stoichiometric atmospheric air       O   2   +    79   21      N   2      . In real applications, however, this air may contain more (oxy–fuel combustion) or fewer moles of O2 [29,185].



	
Diffusion burners






The fuel and oxidant are supplied separately to the combustion chamber or burner so as to create a concentration gradient in the combustion zone. Both pass through a diffuser or spinner, which is a specially designed component for this type of burner, providing the mechanical energy necessary to ensure that the fuel and air are completely mixed prior to combustion [184]. When the mixture reaches the flammability range, it is ignited by a spark or pilot light that triggers the combustion reaction, resulting in a theoretically stable flame. Diffusion burners normally have longer flames than premixed burners, a hot point that is not very high, and generally a more even distribution of temperature and heat flow. These burners, known for their high heat production and efficiency, are designed to ensure the complete combustion of the fuel oil, thus reducing emissions [184].



	
Premixed burners






Premixed burners mix the fuel and air before passing through the nozzle and entering the combustion zone. Fuel and air are generally delivered by separate channels and then mixed in a mixer–combustion chamber prior to being flamed in the furnace. In addition to usually producing shorter and more intense flames compared to diffusion burners, they allow the adjustment of the mixture ratio to achieve the desired combustion characteristics in terms of flame shape, temperature, and stability [185,186]. Premixed burners are commonly used in industrial applications such as heating, fusion, and drying processes, in which high efficiency and low emissions are required, as well as in gas turbine motors for energy generation and aircraft propulsion, where the capacity to operate at high altitudes and under extreme conditions is important. This type of burner accepts a broad range of fuels, such as natural gas, propane, diesel, and hydrogen, making it versatile and adaptable to different applications. Thermal radiation burners and radiant wall burners are examples of premixed burners [184].



	
Partially premixed burners






Using partially premixed burners, the fuel and air are partially premixed in a two-stage process, generally due to stability and safety reasons, to assist in anchoring the flame and to reduce the chance of flashbacks. This type of burner often has a flame length, temperature distribution, and heat flow between those of fully premixed and diffusion burners [184]. The mixture is performed in two stages. The fuel is injected into the combustion chamber in the former stage and mixed with a portion of the air, creating a fuel-rich mixture, which is ignited and burned in the primary combustion zone. Additional air is injected into the combustion chamber in the latter stage to create a fuel-poor mixture, which burns in the secondary combustion zone. This process assists in enhancing combustion efficiency and reducing pollutant emissions [187].



	
Stage burners






Other mixture-based burners are known as stage burners, with an air stage and a fuel stage, with the difference being the injection of additional air or fuel after ignition. With this type of burner, secondary and, at times, tertiary injectors are used to inject a portion of the fuel and/or oxidant into the flame downstream from the flame base. This system is often used to control heat transfer, produce longer flames, and reduce pollutant emissions. The flames resulting from the stage generally have a lower peak temperature and more even heat flow distribution than premixed flames. However, multiple long flames can interact with each other with unpredictable consequences compared to a single short flame [184].




5.1.2. Classification of Burners Based on Fuel


	
Gas burners






Gas burners are devices that produce a flame under conditions controlled by the combination of a fuel gas (e.g., acetylene, natural gas, or propane) and an oxidant (e.g., oxygen or ambient air), which are mainly used for welding, soldering, and brazing and whose main components are the mixer, burner nozzle, and stabilizing device. Their fundamental operating principle is known as the Venturi effect; the air–fuel mixture is conducted through a tube-like structure that increases, reduces, and then increases again in diameter, fluctuating the pressure and flow velocity. Gas burners, which are widely used in domestic and commercial networks [188,189], are classified according to the pressure, ranging from 5 kN/m2 to more than 300 kN/m2, or as diffusion gas burners, injection gas burners, and gas turbine burners.



Diffusion gas burners mix gaseous fuel and air in the combustion chamber to create an even temperature along the combustion front and are commonly used in industrial furnaces and boilers that require precise temperature control. Open hearth furnaces and glass fabrication furnaces are examples of diffusion gas burners that play a crucial role [188,189].



Injection burners “inject” the air for combustion using the gas flow energy, which is then mixed within the burner housing. When the fuel gas pressure is very low, air is used to inject the gas into the system. For gas burners operating at average pressure that require a complete mixture, a short combustion front is formed, enabling combustion to occur in a minimal volume of the furnace. In gas burners with partial mixture injection, only the necessary quantity of air (40–60%, called primary air) is provided and mixed with the fuel, whereas the remainder (secondary air) is provided to the combustion front by the atmosphere through the injection of gas–air currents and rarefaction in the furnace [188,189]



Gas turbine burners operate with the mixture of fuel and air in the combustion chamber, with the flame generating hot gases that fluctuate across the turbine blades, transforming the gas kinetic energy into mechanical energy that drives the turbine and, consequently, promotes electricity generation. Although the combustion process is similar to that of diffusion burners, the temperatures and pressures are exponentially higher. Fuel and air are commonly mixed in a combustion chamber or tubular burner designed to enable effective, constant combustion at high temperatures. The fuel may be natural gas, propane, diesel, or other liquid or gaseous fuels [188,189].



Combustion in a gas turbine burner is meticulously controlled so that the gases generated do not exceed the maximum temperature limits of the turbine components. This is achieved by control of the air–fuel proportion, flame stabilization, and cooling of combustion chamber walls. These burners are used in power generation applications, as they are capable of driving large generators to produce electricity, but they can also be used with industrial equipment, such as compressors, pumps, and any other equipment that requires mechanical energy. High efficiency, reliability and low emissions are some of their qualities [188,189].



Gas injection burners with infrared radiation, also known as flameless burners or radiant burners, have been gaining ground. They operate in such a way that the largest part of the heat generated by combustion is transferred through radiation. The gas burns in a thin radiant surface layer, making the combustion front imperceptible [31,32]. Unlike traditional burners that produce a visible flame, flameless burners function following the principle of surface combustion, by which fuel and air mixtures are burned on a porous ceramic or metal surface, creating a thin, flameless combustion layer. This type of burner is widely used for heating buildings with considerable air circulation, such as sports stadiums, greenhouses, and commercial buildings; for thawing frozen soil and loose materials; and for drying recently dyed surfaces, such as fabric or paper [188,189].



	
Liquid fuel burners






Liquid fuel burners are used in some limited applications but are more common in certain regions of the world, such as South America. Although the most commonly used liquid fuels are oils [26], residual liquid fuels can also be used in incineration processes. One of the specific challenges of using oil is vaporizing the liquid into droplets small enough to burn it completely. There are three common types of oil burners: gun-type (spray), pot-type (vaporization), and rotary burners [188,189].



Oil burners use a controlled mixture of oil and air to generate energy. The most widely used are spray oil burners, in which the fuel oil is delivered from a storage tank by a pump or by gravity and passes through a filter to remove any impurities that could adversely affect performance. The oil is pressurized and sprayed by a high-pressure nozzle. By forming a fog, the oil droplets mix with air supplied by a blower or fan, generating a fuel mixture that, upon ignition, produces a flame, which can be achieved using an electrical spark or pilot light. The flow of the fuel oil and quantity of air furnished to the burner can be adjusted to control the flame size and intensity, depending on the application [188,189,190].



Modern oil burners are equipped with electronic controls to monitor, regulate, and optimize burner operation, which include sensors for measuring temperature, pressure, and air–fuel ratio, and with safety devices to switch the burner off in case of a problem, such as a lack of ignition. Adequate operation and maintenance of an oil burner are essential to ensuring safe, efficient operation and avoiding problems such as CO poisoning, risk of fire, and damage to the heating system. Regular maintenance, including burner cleaning and adjustments, can assist in ensuring reliable operation and extending the useful life of the heating system [188,189].



	
Solid fuel burners






Solid fuel burners are not as widely used in industry as liquid and gas fuel ones. Such burners are commonly used in the lumber and paper industry or in regions where solid fuels, mainly coal, wood, and biomass, are more readily available and cheaper than liquid and gas fuels [188,189].



One of the main advantages of industrial solid fuel burners is the high thermal efficiency, as solid fuels, having high energy density, release a large quantity of heat per unit mass, thus reducing fuel costs and improving the overall efficiency of the heating system. However, in addition to requiring frequent periodic maintenance, solid fuels contain impurities, such as nitrogen, sulfur, and sometimes even hazardous chemicals, which can significantly increase polluting emissions [188,189].



	
Dual fuel burners






As the name suggests, dual fuel burners can burn two different types of fuel, normally gas and oil. Their main advantages are the flexibility in fuel choice and the possibility for the operator to alternate between two fuel types based on availability, cost, and other factors. Other advantages include low maintenance, high efficiency, and low emissions. Dual fuel burners are used in refineries, petrochemical plants, and energy generation facilities [189].



Dual fuel burners normally function by mixing the fuel (gas and oil) with air and subsequently burning the mixture, with the quantity of fuel controlled by adjusting the fuel and air flowrates. They can operate with different air/fuel ratios and are versatile and adaptable to different operating conditions. There are two types of dual fuel burners, namely, monoblock and duoblock burners [189].



Monoblock burners combine both gas and oil burners in a single unit, simplifying the installation process, and are commonly used in small to medium-sized heating applications, such as boilers, ovens, and driers. The design generally consists of a combustion head that houses the gas and oil burners, a fan to provide combustion air, and a control panel to monitor and control the burner operation. Such burners offer high efficiency and low emissions and are normally capable of burning a broad gamut of fuels, such as natural gas, propane, and light and heavy fuel oil [189,190,191]. In duoblock burners, the gas and oil burners are separate and generally connected by a flexible duct, with each part controlled individually. The gas block generally had a gas valve, collector, and burner, whereas the oil block contains an oil fuel pump, nozzle, and burner. The blocks are designed to work in conjunction, with the gas and oil burners controlled independently to enable precise control of the combustion process. Duoblock burners are also capable of burning a large variety of fuels [189,190,191].



Monoblock burners are easier to install and require less space compared to duoblock burners, which have separate blocks that need to be placed on opposite sides of the boiler or oven. In terms of fuel flexibility, duoblock burners are more versatile and can be easily configured to burn different types of fuel, whereas monoblock burners are precisely designed to burn a previously defined, specific type of fuel. Duoblock burners offer more precise control of the combustion process, as the blocks are controlled independently, whereas monoblock burners generally have a single control panel to monitor and control the operation [189,190,191].



Besides the classifications addressed above, the literature describes other forms of classification, as shown in Table 2:






6. Furnaces


Furnaces are closed structures, generally rectangular, constructed with materials that can withstand intense heating processes at temperatures ranging from 100 °C to more than 2000 °C, as shown in Figure 2. This equipment is used in fabrication processes that involve materials such as metals, chemical products, glass, cement, etc. The main purpose of a furnace is to reach a higher processing temperature than can be achieved in open air. Although some processes can be performed in open air, doing so would be much less efficient, with a greater consumption of fuel, and process control would be much more difficult [31].



The literature describes different types of furnaces depending on the energy source (coal, gas, oil, electricity, or chemical energy), temperature and operation (drying, calcination, cooking, reheating, plasma arc, etc.), format (vertical, horizontal, rotary, fluidized bed, hearth, etc.), heat transfer (conduction, convection, or radiation), location of the heating system (top burn, bottom burn, direct, or indirect burn), and working atmosphere (reducing, oxidizing, or inert). The basic components are the internal chamber of the oven, which is lined with resistant materials such as refractory materials and steel plates, an energy-generating source (such as a burner), an exhaust system (chimney or fans), and an energy recovery system [192].



Furnace operation and control require numerous instruments and indicators for various functions. Temperature, pressure, and flow are major variables that require adequate measurement tools and display on the control panel. Furnace temperature is regulated through a thermocouple placed in the body of the furnace or, more rarely, through portable optical and infrared pyrometers. While pressure is measured in relation to atmospheric pressure through gauges, the flow rate of the fluids (combustion gases and cooling water) is regulated using flow meters based on differential pressure, velocity, positive displacement, and fluid mass [192].



As pneumatic systems are obsolete, all new furnaces and other innovative tools use programmable logic controllers (PLCs) for individual control or a control system distributed throughout the plant [31]. The process control system must meet one or more of the following objectives: (a) maximize the production capacity of the furnace, (b) ensure satisfactory quality of the product, (c) minimize fuel consumption and emissions, (d) control furnace heating, or (e) enable the smooth transition between different products, which can be achieved by controlling one or more of the following variables: (i) fuel flow rate or entrance of heat into the furnace; (ii) air flow rate or air–fuel ratio; (iii) temperature of the furnace, combustion air, product, and flue gases; (iv) composition of the flue gases; and (v) flow rate and physicochemical composition of the feed raw material [193].



With technological advances, it has become possible to perform modeling and prediction of variables using engineering software. Being chemical processes involving high temperatures and a reactive system, measurements are not always viable, which makes the analysis of the results of processes under real operating conditions quite a challenge. To overcome these difficulties, engineers and researchers have been using the Aspen HYSYS® environment, which is a chemical process simulator used for mathematical modeling of chemical processes, from unit operations to complete plants and refineries, as well as optimizing conceptual projects and operations [194,195].




7. Emissions


Hydrocarbons are released into the environment due to their broad use as fuels and chemical products as well as through leaks and accidental spills during exploration, production, refining, and transport. Anthropogenic contamination of soil and atmosphere by hydrocarbons is a serious global problem due to the persistence of these contaminants and their negative impact on human health [166]. Primary pollutants are those emitted directly into the atmosphere, while secondary pollutants are formed by chemical or photochemical reactions of primary pollutants after being released into the atmosphere and exposed to sunlight. Unburned hydrocarbons, nitrogen monoxide (NO), particulate matter, and sulfur oxides are examples of primary pollutants, whereas peroxyacyl nitrates (PANs) and ozone (O3) are examples of secondary pollutants [31,166].



The gases emitted by the combustion of hydrocarbons are CO, CO2, water vapor, unburned hydrocarbons, particulate matter (mainly carbon), NOx, and excess atmospheric oxygen and nitrogen. Carbon monoxide, which is highly toxic, is the result of incomplete combustion. Generally formed as the first step in the oxidation of coal and as one of the primary products of the pyrolysis of fuel during the rapid heating of solid and liquid fuels, CO is normally oxidized to CO2 through a gas-phase reaction with atmospheric oxygen [31]. Some residual CO always remains in furnace combustion gases because mixing processes are not perfect and the reaction between CO and oxygen to produce CO2 is reversible.



Precise control of combustion conditions is essential for achieving efficiency and reducing emissions. Modern technologies, such as advanced electronic injection systems, continuously adjust the fuel-to-air ratio to ensure an optimal mixture, enhancing combustion efficiency and minimizing pollutant formation. Additionally, air and temperature controls, along with the use of computational fluid dynamics (CFD) modeling for visualizing and optimizing airflow and fuel distribution within the combustion chamber, have been developed to maximize combustion efficiency. Recent studies indicate that engines equipped with gasoline direct injection (GDI) can significantly reduce emissions of carbon monoxide and unburned hydrocarbons, even under challenging operating conditions [196,197].



Emission control technologies are essential for capturing and treating pollutants generated during combustion. In systems utilizing solid or liquid fuels, particle filters and soot capture technologies have proven effective in removing particulate matter (PM) and other emissions. Selective catalytic reduction (SCR) systems are employed to reduce nitrogen oxide (NOx) emissions in internal combustion engines. This technology involves injecting a reducing agent, typically urea, that reacts with nitrogen oxides to form harmless nitrogen and water. Studies indicate that the implementation of SCR technology in heavy-duty vehicles and power plants has been highly effective in reducing NOx emissions [198,199,200].



In recent years, political decisions and legislation worldwide have intensified, with the aim of minimizing greenhouse gas emissions and other pollutants associated with the combustion of fossil fuels. These initiatives reflect a growing concern for climate change and public health, as well as compliance with the requirements of international agreements. The United Nations Conference of the Parties (COP) on Climate Change has served as a crucial platform for discussing and implementing global commitments related to emission reductions. Additionally, the latest update of the Nationally Determined Contributions (NDCs), presented during COP26 in Glasgow, revealed the intention of several countries to increase their emission reduction targets by 2030, underscoring the urgency of climate action [201,202].



The European Union and the United States have introduced stringent legislation aimed at reducing emissions, reflecting their climate ambitions and international commitments. In 2021, the European Commission announced a legislative package called Fit for 55, which includes measures to reduce greenhouse gas emissions by at least 55% by 2030 compared to 1990 levels. This proposal establishes stricter limits on CO2 emissions from new vehicles, facilitating a transition to electric and hybrid cars, as well as revising the European Union Emissions Trading System (EU ETS). Under the Biden administration, the U.S. government implemented the Inflation Reduction Act (IRA) in 2022, which allocates significant investments to clean energy technologies, such as solar, wind, and hydrogen. This legislation aims to reduce emissions by at least 40% by 2030 compared to 2005 levels and includes tax incentives to promote the adoption of electric vehicles and energy efficiency [203,204].



Local policies and state incentives are also being implemented in regions such as California, New York, and London to minimize greenhouse gas emissions. The California Air Resources Board (CARB) has enacted stringent regulations for light and heavy-duty vehicles, mandating a significant reduction in greenhouse gas emissions. In 2020, California announced a goal for all new vehicles sold in the state to be electric or hybrid by 2035. New York and London have established low emission zones (LEZs) and congestion charging zones (CCZs) to reduce the traffic of polluting vehicles and improve air quality. These initiatives have proven effective in decreasing emissions of NOx and particulate matter while promoting the use of public transportation and sustainable mobility alternatives [205,206,207,208].



Recent political decisions and legislation aimed at reducing emissions reflect an increasing commitment to sustainability and public health. The interconnection between global commitments, national legislation, local policies, and emission standards is essential for addressing the complex issues of climate change and air quality. The successful implementation of these initiatives requires a collaborative effort among governments, industries, and civil society to create a more sustainable and healthier future [209].




8. Economic Issues


Energy is an integral part of our daily lives and is necessary for a large part of human activities. Fossil fuels such as oil, natural gas, and coal furnish more than 80% of all energy consumed globally, but they are not infinite resources, and an energy crisis is approaching if rigorous attitudes are not adopted. The excessive dependence on fossil fuels constitutes a crucial global challenge in the current economy, as reserves are depleting rapidly. This not only generates an increase in energy consumption but is also a threat to energy and economic security on a global scale. Moreover, these fuels are not environmentally friendly and release greenhouse gases and other pollutants that significantly contribute to global warming. Humanity is entering a phase in which life on the Earth can become unsustainable if serious measures are not adopted to mitigate the current energy challenge. Most scientists and engineers agree that the search for environmentally clean, accessible, sustainable energy sources capable of effectively replacing the current fossil fuel system can offer concrete solutions to this problem [209].



In 2022, governments allocated nearly USD 44 billion to energy research and development, with more than 80% directed to the field of clean energy. This marks a significant increase in comparison to the approximately USD 30 billion allocated in 2015, when 70% of funding was earmarked for clean energy projects. A large portion of this increase in investment in energy-related research and development occurred in China, which currently stands out as the main investor in the field [210].



8.1. Hydrogen Economy


Due to its exceptional qualities, hydrogen emerges as a promising ideal vehicle of sustainable energy for the future. The hydrogen economy is a proposed system in which H2 is produced and used extensively as the main means of energy transport. The successful development of the hydrogen economy offers numerous advantages for the environment, economy, and end users. Low-carbon H2 is expected to play a crucial role in energy systems and global energy transitions by the year 2040. In the context of energy transition, H2 not only sustains the efforts of nations to achieve the goals of the Paris Agreement but also contributes to the diversification and security of their energy portfolios [67,209].



The relative economy will mainly depend on the resources available in a region or the option of importing at low cost when the local supply cannot meet the internal demand. The cost of low-carbon H2 production varies from region to region as well as with advances in new technologies over time [67,211].



The main focus of the H2 market is crude oil refining, the production of ammonia fertilizers, and metal processing. The global H2 generation market was valued at USD 155.35 billion in 2022, with an expected compound annual growth rate (CAGR) of 9.3% from 2023 to 2030. Moreover, the global carbon-free H2 market was valued at USD 4.47 billion in 2022 and is expected to exceed USD 134.38 billion by 2032, with a predicted CAGR of 40.6% from 2023 to 2032. A substantial reduction in the cost of low-carbon H2 by 2050 is also predicted [212].



Based on ongoing projects and those under construction, expenditures on electrolyzers reached a new record in 2022, totaling USD 0.6 billion globally, which is twice the amount recorded for 2021. Reaching USD 41 billion in expenditures on electrolyzers by 2030, as predicted for the scenario of achieving net zero emissions (NZE) by 2050, would require an annual investment growth of 70% for the rest of this decade [213].



Two of the largest current projects involving the production of green H2 are in development in the Middle East. Through the NEOM Green Hydrogen Company (NGHC), Saudi Arabia is designing the largest green H2 production station for obtaining green ammonia, with a capacity for 600 tons of green H2 per day. In Oman, the ACME Group expects the production of 1.2 million tons per year. Both projects are expected to begin operations in 2026 [214,215].



In China, more specifically in Xinjiang, a pilot H2 generation project by the Sinopec Group involving proton-exchange membrane electrolysis with solar and wind power began operations in July of 2023. The project is expected to produce 200,000 tons of green H2 per year and fuel approximately 50,000 H2 cars by the year 2025 [216].



The Shell Company is investing in the construction of Holland Hydrogen I, which will be the largest renewable H2 factory in Europe and will be operational in 2025. A 200-MW electrolyzer will be built on the Tweede Maasvlakte at the Port of Rotterdam, with the capacity to produce up to 60,000 kg of renewable H2 per day [217].



The United States and Canada are concentrating efforts on the production of H2 through carbon capture, utilization, and storage and estimate the capture of more than 90% of CO2 by 2025. India established an ambitious goal of producing 5 million tons of green H2 per year by 2030, with operations scheduled for the end of the second semester of 2023 [213,218].



In the first semester of 2023, the European Union (EU) announced that it would invest EUR 2 billion in the Brazilian H2 industry within the scope of the EU Global Gateway Initiative, which is part of a broad package of EUR 10 billion for investments in clean energy in Latin America and the Caribbean. The president of the European Commission, Ursula Von der Leyen, highlighted the “unlimited potential” of Brazil for renewable energy and, specifically, green H2 [219].



The “H2 Brazil” project conceived and executed by the Deutsche Gesellschaft für Internationale Zusammenarbeit to promote the corporative development of H2 through Brazilian–German partnership demonstrates a notable interest in the production of green H2 in the country. At the moment, approximately 42 projects in various stages of development have been identified in different regions of Brazil, with a striking concentration in the northeast, which stands out for its abundant solar capacity. Additionally, the project highlights the identification of more than 800 companies and institutions distributed among 12 different sectors of the green H2 value chain in 5 regions of the country [220].



Brazil has established two significant partnerships, the first of which was at the beginning of this year with Germany during the Brazil–Germany Economic Meeting. In this agreement, approximately BRL 21 million (Brazilian currency) were allocated to green H2, with a focus on initiatives of small and medium-sized companies, including startups, as well as research and technology institutions. Moreover, a cooperation agreement was formalized among Brazilian associations denominated the Brazilian Pact for Renewable Hydrogen, one of the main goals of which is the definition of a regulatory framework and a market development fostering initiative for the application of green H2 [220,221,222].



The state of Ceará is a pioneer in adherence to this pact as well as a precursor in the production of renewable H2 in the country. The current pilot project in development at the Pecém Thermoelectrical Complex seeks the large-scale production of this biofuel, consolidating the commitment of the state to sustainable innovation. The strategic location of ports in Northeast Brazil combined with the presence of industrial consumers gives the country a significant advantage in the race for green H2. Moreover, the favorable climatic and geographic conditions offer a solid base for the large-scale production of clean energy [220,221].



Chile, Colombia, and Uruguay are actively integrating the production of green H2 in their energy policies as part of efforts to reduce greenhouse gas emissions, contributing to a notable boost in the H2 market since 2022. According to the Hydrogen Index of Latin America and the Caribbean, Chile and Colombia are consolidating the initial development stages of projects that seek to diminish the dependence on fossil fuels, adopting investment strategies and public policies aligned with a low-carbon economy. Moreover, Peru, Colombia, and Argentina have presented bills related to H2, with a focus on incentives for the production and development of this market [223].



Among the methods of obtaining green H2, the production route involving solar thermal energy is free of carbon emissions and has enormous technical and financial potential to be one of the main methods of producing hydrogen in the upcoming decades. With a cost that is currently around USD 2.25–7.27/kg, it is becoming a less expensive method compared to other production processes, such as photovoltaic cells and electrolyzers, which still have high production costs. However, a substantial reduction in these costs has occurred in the past ten years due to technological advances and the growing demand for clean energy. Studies have shown that obtaining H2 through wind turbines may also be economically attractive depending on the strength of wind in the region and the power of the electrolyzer, despite the high investment cost. Some authors estimate that the cost of H2 production could range from USD 0.35/kg to USD 6.64/kg. Estimates reveal that the generation of electricity from renewable sources will grow from 30% in 2022 to nearly 60% in 2030 in the NZE scenario. Moreover, the combination of photovoltaic solar power and wind power could increase from 12 to 40% in the same period [210,224,225,226,227].



Geothermal power could also participate in the production of H2 in the future. However, a set of factors still hinders its development and greater exploration, such as the high cost of perforating the ground, the high temperatures to ensure adequate efficiency of the chemical reaction, and the formation of possible contaminants and harmful gases depending on the origin of the water. With regards to energy obtained from biomass, gasification is the most widely used method to obtain H2, with an estimated production cost of USD 52.3/kg by the year 2040. However, it can lead to the release of hydroxides and halogens, depending on the source of the biomass used. The quantity of pretreatments that biomass requires also makes this route costly, besides the fact that this method is not abundantly accessible to all countries [227,228].




8.2. Economic Challenges of Hydrogen Storage and Transmission


Energy storage is necessary to ensure that electricity is delivered when there is a deficit between supply and demand; therefore, the choices and costs of the delivery infrastructure are of crucial importance. H2 is currently stored and delivered in the form of compressed gas or liquid, but the future will require a much broader variety of storage options. Since the 1970s in the United Kingdom and the 1980s in the United States, salt caverns have been employed by the chemical industry to store H2. With costs generally lower than USD 0.6/kg, an efficiency of around 98%, and a low risk of contamination of the stored H2, such caverns offer a viable and economical option. Mixing H2 in existing natural gas networks may also be an economically attractive option. Depending on the method and post-treatment, the price could range from USD 3/kg to USD 6/kg [4,229].



To date, the technical viability and economic attractiveness for the large-scale development of lithium ion-based energy storage batteries can pose challenges to the implementation and provision of energy in periods of high demand. This limitation can be overcome by storing the excess renewable energy chemically in the form of H2 in underground aquifers, salt caverns, and/or depleted hydrocarbon reservoirs (seasonal underground hydrogen storage) [229].



H2 production is currently centralized near places of use, but some countries are focusing on the creation of H2 hubs. If H2 can be used near the production site, transportation and storage costs could be close to zero, but if the H2 needs to travel a long distance prior to use, the transmission and distribution costs could be threefold higher than the production cost [229].



Long-distance transport is challenging, with shipping being the cheapest option for distances greater than 4000 km, according to the International Renewable Energy Agency [59]. The conversion to ammonia and reconversion to H2 after transport is a promising option, despite the high energy demand and cost. Liquid organic hydrogen carriers (LOHCs) are being studied, but the process is considered expensive and energy intensive. For medium distances, new H2-dedicated pipelines or existing natural gas pipelines that could be used for pure H2 transport are considered the most effective in economic terms for transporting large volumes, whereas short-distance (local) transport is performed by trucks. The increase in the demand for low-emission H2 means that more than 20,000 km of pipelines will be needed by 2030 in the NZE scenario in comparison to the current 5000 km distributed globally, along with 25 liquid H2 tankers (160,000 m3) and about 70 new ammonia tankers compared to the 40 currently existing in the world [67,210,230].



Due to the high costs associated with H2 transport, the largest portion is expected to be consumed in the country or region of production. The two main energy markets (China and the USA) will likely achieve considerable self-sufficiency in H2. Despite this, there is the prospect of establishing substantial flow in the global market of H2 and H2-based products if effective cooperation is achieved on the regional and global levels [67].




8.3. Future Prospects


According to the market research, the global market of H2 generation is expected to increase from USD 158.8 billion in 2023 to USD 257.9 billion in 2028, with a CAGR of 10.2%. Even in this promising scenario, the cost of construction and operation of an H2-generating plant remains significant compared to fossil fuels. Besides the need for cutting-edge technologies, there are no historical data or prior experience in this endeavor. Hydrogen production remains a sector marked by a set of uncertainties with regards to its future, disparate regulations, lack of infrastructure, and challenges associated with transport and storage that need to be addressed in order to accelerate the commercialization of this biofuel and the energy transition [129].



If all new projects announced by the industry come to fruition together with the planned increase in production capacity, it is possible that the cost of electrolyzers will diminish considerably, reaching a 70% reduction by the year 2030 in comparison to 2022 prices. This scenario resembles the significant drop in prices that drove greater adherence to wind and solar power, and would represent 55% of the level in the NZE scenario by 2030 [210,231].



The H2 market is expected to be integrated into various industries by the year 2050, contributing to the expectation of the urgent reduction in greenhouse gases and the energy transition.



In recent years, significant advances have been made in innovative technologies for global decarbonization. Demonstrators of low-carbon H2 production through the electrolysis of solid oxide began to be studied and sold in recent years as a promising, highly efficient technology [232]. In the second semester of 2021, steel was produced for the first time using H2 rather than fossil fuels through HYBRIT technology in Sweden, and small-scale H2 fuel cells began to operate in Norway and the Unites States in 2023. China has been gaining ground in the development of innovative technologies, such as nuclear reactor modules, offshore wind farms, and improved solar cells for future sales, together with solid ion batteries for electric cars, strengthening its position as a world leader in this segment [210,233,234].





9. Environment Impacts


Pure hydrogen is rare on Earth. Its reactivity allows it to be present only in water and organic compounds. As H2 is obtained from other compounds, its production can have a strong environmental impact, depending on how it is generated. Approximately 95% of H2 is currently obtained with the aid of fossil fuels, such as natural gas and coal, resulting in the emission of 830 million tons of CO2 every year to produce 74 million tons of H2. Combining the production of H2 based on fossil fuels with carbon capture, utilization, and storage, and performing the electrolysis of water with renewable energy such as solar, wind, oceanic, and geothermal power, could diminish these emissions significantly [235].



According to recent studies, renewable H2 released into the atmosphere can contribute to an increase in gases such as CH4 (blue hydrogen), O3, and water vapor, indirectly contributing to global warming. When H2 is released into the atmosphere, it has basically two fates: An estimated 70 to 80% is removed by the soil through diffusion and bacterial assimilation (soil uptake), while the remaining 20 to 30% undergoes oxidation upon reacting with the hydroxyl radical (OH.). It will take less than one decade for the atmospheric radiative force to become balanced after the disturbance caused by H2 emission, and its oxidation in the atmosphere contributes to an increase in the concentration of greenhouse gases in both the troposphere and the stratosphere [7,236,237,238,239].



In the troposphere, nearly 50% of the impact caused by H2 emission is due to its reaction with OH. radicals, which, because they are unable to react with CH4, prolong its useful life in the atmosphere. Moreover, as hydroperoxide radicals (HOO.) formed by the oxidation of hydroxyl are present and there is an excess of methane in the atmosphere and troposphere, ozone is formed, which has a greenhouse effect that accounts for approximately 20% of the radioactive impacts of H2, whereas the remainder is attributed to water vapor [7,237,239].



In the stratosphere, the oxidation of H2 increases the amount of water vapor, which, in turn, increases the infrared radiative capacity of the stratosphere, resulting in stratospheric cooling. This leads to climate warming because heat exchange with space becomes less efficient, in addition to contributing to the destruction of the ozone layer. Recent studies show that the effects of such indirect heating are twofold greater than those previously reported because the stratospheric effects have only recently been considered. Studies reported that the influence of H2 on global warming is short term compared to those of CO2 and CH4. In fact, while CO2 requires hundreds of years to be naturally removed from the atmosphere, H2 requires only 2 to 12 years [7,237,238,240].



Another point to consider is that the H2 molecule in the gaseous state is the least dense of the entire periodic table, making it difficult to contain leaks during its production, storage, and distribution. Moreover, the need to travel long distances within the pipes of a facility or during transport through pipelines increases the potential for leakage. H2 can leak throughout the entire value chain, including in electrolyzers, compressors, storage tanks, geological storage, pipelines, truck, trains, and filling stations [7,236].



In situations of considerable leakage, H2 emissions can produce nearly twice the warming in the first five years after replacing its fossil fuel counterparts. However, if leakage rates are minimal, H2 could lead to an 80% reduction in warming within the same period. Nonetheless, considering the enormous challenge posed by the energy transition in the event of an almost total replacement of fossil fuels with H2, containing leaks will be a relatively simple challenge [236].



Therefore, the fundamental role of H2 in achieving the global goals of decarbonization is evident. However, this entire scenario is permeated by uncertainties in the precise measuring and quantification of possible leakages; the projection of emissions due to the absence of a standard H2 route, which can range between low and zero carbon; or the lack of specific climatic metrics to estimate its direct and indirect radiative effects. The prevalent metric in recent studies has been the global warming potential, which is the calculation of the relative effect of warming in a specific period based on the pulsed emission of a climatic agent in comparison to that of an equivalent mass of CO2. However, using this method to compare the climatic effects of a short-term climatic agent, such as H2 and especially CH4, and a long-term agent, such as CO2, is a complex task [7,239,241].



As H2 does not emit CO2 when burned or used in fuel cells, carbon-free H2 and its derived fuels can play a crucial role in the decarbonization of industries in which emissions are particularly difficult to reduce, such as sea transportation, aviation, and long-distance trucking, as well as in the iron, steel, and chemical industries, also known as hard-to-abate industries. These fields face significant challenges in the implantation of other clean energy technologies. Natural gas and coal are currently the main sources for H2 production, which is mainly intended for the fabrication of fertilizers and use in oil refineries [242].



According to the International Energy Agency, as part of the 2021–2050 NZE scenario, H2 and H2-based fuels could avoid up to 60 Gt of CO2 emissions by the middle of the century. This agency states that the decrease in demand for fossil fuels will be so steep by 2050 that there will no longer be a need for new conventional long-term oil and gas projects or new coal mines or mining expansions. This could correspond to a 97% reduction in greenhouse gases resulting from fossil fuels [231].



In 2050, residual CO2 emissions from fuel combustion will remain concentrated in the industrial (0.2 Gt) and transportation (0.6 Gt) sectors. Electricity generation, construction, and other transformations will account for 0.4 Gt of residual emissions, and industrial process will contribute another 0.4 Gt [210]. The main contributions for combustion are displayed in Figure 3.




10. Conclusions


Despite their entrenched use and centrality in the global energy matrix, the combustion of fossil fuels significantly contributes to global warming due to CO2 emissions and other pollutants. Price volatility and the high demand for these resources further underscore the need for energy diversification. While fossil fuels played a crucial role in industrialization, growing environmental awareness and advances in alternative technologies drive an urgent shift toward cleaner, more sustainable energy sources, like biomass and biofuels, aimed at reducing emissions and diversifying global energy options. Substantial investment in research and the development of clean technologies such as hydrogen is essential to support an energy transition that balances economic growth and sustainability.



Hydrogen is emerging as a promising solution in the energy transition towards reducing emissions due to its high energy density and clean combustion, which produces only water vapor as a byproduct. Its versatility allows applications across various sectors, from power generation to heavy industry, meeting the growing demand for less polluting energy sources. However, efficient and sustainable hydrogen production, particularly through low-carbon methods such as green hydrogen, remains a technical and economic challenge, requiring advancements in production, storage, and transportation. Hydrogen combustion is essential for fuels used in industrial heating and power generation, where efficiency depends on factors such as the fuel-to-air ratio, chamber temperature, and residence time to maximize energy conversion and minimize pollutant emissions.



Furnace burner systems, which are key components in combustion systems, play a crucial role in converting chemical energy into thermal energy. Traditionally powered by fossil fuels, burners are continuously evolving to support the energy transition and meet environmental standards, aiming to reduce pollutant emissions without sacrificing thermal efficiency. Innovations in design, such as premixed burners and direct injection systems, enable more precise control of the combustion process, contributing to a more complete and stable burn. Furnace optimization, including advanced control systems to reduce fuel consumption and emissions, promotes more efficient and environmentally responsible operations, driving sustainability across dependent sectors.



Emission control is a fundamental aspect of minimizing the environmental impact of fossil fuel combustion, especially as regulations grow increasingly stringent. Advanced technologies such as selective catalytic reduction (SCR) and electronic injection systems have proven effective in reducing pollutants like NOx, carbon monoxide, and particulate matter. Additionally, implementing computational fluid dynamics (CFD) strategies for combustion control and modeling helps optimize the combustion process and reduce the formation of harmful byproducts. The ongoing evolution of these technologies is essential for meeting international emission reduction commitments and improving air quality.



Thus, hydrogen represents a crucial step toward decarbonizing the global energy matrix, especially in sectors that are difficult to electrify, such as heavy industry and long-haul transport. It shows promise as an alternative to fossil fuels, significantly reducing greenhouse gas emissions and aligning with global climate goals. However, its widespread adoption faces considerable challenges. One of the primary issues is the high production costs, which currently range from approximately USD 5 to USD 9 per kilogram, depending on the production route and energy source. To make hydrogen a more economically viable option, it is essential to reduce these costs to less than USD 2 per kilogram. Additionally, storage difficulties exist, such as storing under high pressure or in liquid form, as do transportation complexities requiring specialized infrastructure to prevent leaks and minimize explosion risks. Furthermore, safety concerns due to hydrogen’s highly flammable nature and the need for advanced technologies to detect and contain leaks demand strict regulations and protocols.



Despite these challenges, the potential to overcome these barriers is high, particularly with the growing global interest in and commitment to accelerating the energy transition. Political collaboration and investment in research, development, and infrastructure are essential for scaling up green hydrogen production and ensuring its safe use. Countries that invest in carbon capture and storage (CCS) technologies and secure hydrogen transport networks will be better positioned to lead this transition. Strengthening international agreements such as the Paris Agreement and setting clear emission reduction targets create an optimistic outlook where global efforts converge toward a low-carbon economy. With the combined efforts of governments, industries, and research institutions, a future where hydrogen becomes a central pillar of a sustainable energy system is within reach, overcoming current limitations and paving the way for a cleaner, more resilient planet.
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Figure 1. Hydrogen burner at the Advanced Institute of Technology and Innovation, Recife, Brazil. 
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Figure 2. Hydrogen furnace at the Advanced Institute of Technology and Innovation, Recife, Brazil. 
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Figure 3. Main characteristics of combustion. 
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Table 1. Previous studies and research.
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Main Focus of the Study

	
Research Gaps

	
Key Findings

	
Ref.






	
Focuses on the comparative analysis of heavy trucks powered by different types of fuels (diesel, LNG, electric, hydrogen, and methanol) in relation to costs, efficiency, and environmental impact.

	
Lack of detailed analysis on hydrogen’s energy properties, infrastructure and production challenges, and specific environmental impact compared to other fuels.

	

	
Hydrogen-powered trucks (HHTs) have the highest life cycle costs among the options analyzed. Methanol-powered trucks (MHT) rank second, followed by diesel-powered (DHT), electric-powered (EHT), and liquefied natural gas (LNGHT) models;






	
Hu et al. [24]




	

	
Currently, the economic viability of hydrogen trucks is limited by their high acquisition and fuel costs;









	

	
Trucks powered by liquefied natural gas (LNGHTs) have the lowest transportation cost per 100 km, making them the most economically viable option in the short term;









	

	
Electric trucks (EHTs) face significant challenges in cold climates, where energy consumption tends to increase;









	

	
Methanol-fueled trucks (MHTs) have considerable growth potential in China, driven by abundant coal resources.









	
The crucial role of green hydrogen in reducing CO2 emissions, highlighting its production from renewable sources and the economic and technological challenges associated with its implementation. It promotes the idea of a hydrogen-based economy as a pathway to achieving climate neutrality.

	
Need for in-depth analysis of hydrogen’s industrial applications, logistical and infrastructure challenges for large-scale production, comparison of production routes (gray, blue, turquoise), and detailed safety considerations.

	

	
Green hydrogen is highlighted as crucial to mitigating CO2 emissions and replacing fossil fuels;






	
Dorel et al. [25]




	

	
Biomass gasification and pyrolysis are identified as promising processes to generate energy-rich hydrogen aligned with low-carbon energy goals;









	

	
The transition to green hydrogen implies systemic changes in infrastructure, requiring innovation and economic support.









	
Focuses on describing the thermodynamic and transport properties of hydrogen mixed with other gases, which is fundamental for geological storage and safe and efficient transportation.

	
Practical insights on hydrogen in industrial combustion, plus analysis of its economic, social, and safety impacts for large-scale use, are needed to understand its role in the energy transition.

	

	
Provides extensive analysis of the properties of mixtures of hydrogen and other gases, such as methane and CO2, using sophisticated models to predict behavior under various temperature and pressure conditions;






	
Hassanpouryouzband et al. [26]




	

	
It uses