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ABSTRACT 

This paper analyzes the thermal properties of hydrogen and its potential as a clean and sustainable energy 

source. Hydrogen possesses unique characteristics, such as low activation energy, a wide flammability range, 

high diffusion speed, low density, and high thermal conductivity, all governed by various physical laws. These 

properties make hydrogen promising for technological and energy applications, with significant implications in 

terms of safety, economy, and sustainability. 

In Table 1, we identify the physical and chemical laws that are analyzed and their practical implications for its 

use in various energy applications, discussing aspects such as storage and safe handling. In Table 2, we 

indicate the typical values of hydrogen that would allow its use to be optimized and its efficiency maximized in 

transport, storage, and combustion, mitigating safety and infrastructure risks. In Table 3, we describe the 

current technologies for hydrogen production, storage, and use, which include methods such as electrolysis, 

natural gas reforming, and different storage techniques (cryogenic, high pressure, etc.). 

Subsequently, we identified that the technological influence of hydrogen depends on the nature of its 

properties, being key factors for optimizing its application and integrating it into a sustainable economy (Table 

4). Finally, we indicate the key factors that affect performance and the aspects to optimize to improve the 

efficiency and viability of hydrogen as a clean energy source, offering a critical assessment of how these 

properties impact its viability (Table 5). 

Therefore, hydrogen has emerged as a clean energy source with potential in various sectors, despite the 

challenges related to safety and infrastructure. A multidisciplinary approach and safety measures are required 

to maximize its potential and mitigate the risks 

INTRODUCTION [1-33] 

Hydrogen, a fundamental chemical element, has emerged as a promising clean and renewable energy source in 

the contemporary search for sustainable alternatives to fossil fuels. Its importance lies in its ability to address 

both environmental concerns and energy needs efficiently and sustainably. In recent decades, hydrogen's 

potential has been widely recognized across a variety of applications, spanning multiple sectors, from 

transportation to industry, energy generation, and heating. 

Therefore, hydrogen is essential for humanity and the environment due to the following advantages and 

benefits: 

Reduction of Greenhouse Gas Emissions: Hydrogen does not produce carbon dioxide (CO₂) emissions or 

other greenhouse gases, contributing to the reduction of environmental impact and helping to combat climate 

change [1-3]. 

Versatility of Applications: It can be used in a wide range of applications, from transportation (hydrogen-

powered electric vehicles) to electricity generation, as well as in industry and heating. This versatility makes it 

an attractive and multipurpose energy source [4-6]. 
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Energy Efficiency: It is more efficient than conventional fuels; for example, in fuel cells, the efficiency of 

converting hydrogen's stored energy into electricity can be very high [7-9]. 

Energy Security: As an alternative fuel, hydrogen can help reduce dependency on fossil fuels, thus decreasing 

vulnerability to oil price volatility and promoting energy security [10-12]. 

Economic Development: Hydrogen can drive the development of a hydrogen economy, creating jobs in 

hydrogen production, storage, distribution, and use, as well as in the development of related technologies [13-

15]. 

Energy Storage and Transport: Hydrogen serves as an efficient medium for storing and transporting energy, 

which is especially useful in addressing challenges associated with the intermittency of renewable energy 

sources, such as solar and wind power [16-18]. 

Reduction of Air Pollutants: Hydrogen has the potential to reduce emissions of greenhouse gases and other 

air pollutants. When used in fuel cells, the only byproduct is water, making it a much cleaner option compared 

to fossil fuels [19-21]. 

Abundance and Diversity of Sources: As the most abundant element in the universe, hydrogen can be 

produced from a variety of sources, such as water, biomass, and renewable energy, reducing dependence on 

fossil fuels and enhancing energy security [22-24]. 

Diverse Applications: Hydrogen can be used in a wide range of applications, from transportation to stationary 

energy generation. It can power fuel cell vehicles, buses, trains, and even airplanes, offering an alternative to 

internal combustion engines [25-27]. 

Superior Efficiency: Hydrogen can be up to three times more efficient than conventional internal combustion 

engines, meaning more useful energy can be obtained from the same amount of fuel, contributing to resource 

conservation and long-term cost reduction [28-30]. 

National Energy Security: Hydrogen can reduce dependence on imported fuels and help ensure national 

energy security [31-33]. 

POTENTIAL AND PROPERTIES OF HYDROGEN AS AN ALTERNATIVE ENERGY 

SOURCE [34-49] 

The potential of hydrogen as an energy source lies in its intrinsic properties, which directly affect its efficiency 

and applicability in various fields. Scientific and technological research focuses on understanding and 

optimizing these properties to develop more efficient and safer technologies, promoting the adoption of 

hydrogen as a key energy resource [34, 35]. 

Intrinsic Properties of Hydrogen: 

Low Activation Energy: This refers to the minimum amount of energy required to initiate a combustion 

reaction. Fuels with low activation energy ignite with a small amount of energy, making them relatively easy to 

combust. The activation energy can range from 1 to 100 kilojoules per mole [39]. 

Wide Flammability Range: The flammability range is the range of fuel concentrations in the air within which 

ignition and combustion can occur. For some fuels, this range can vary from approximately 5% to 15% fuel 

concentration in the air [40]. 

High Diffusion Speed: This refers to how quickly fuel molecules disperse in the air. In general, gaseous fuels 

like hydrogen diffuse faster than liquids or solids. Diffusion rates are measured in meters per second (m/s) or 

square centimeters per second (cm²/s) [41]. 
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Low Density: The density of a fuel is its mass per unit volume. Fuels with low density, like hydrogen, have a 

relatively low mass compared to the volume they occupy. Density is expressed in grams per cubic centimeter 

(g/cm³) or kilograms per cubic meter (kg/m³) [42]. 

High Thermal Conductivity: This refers to a material's ability to transfer heat. Fuels with high thermal 

conductivity, such as hydrogen, transfer heat efficiently, which can influence their ability to ignite and burn 

uniformly. Thermal conductivity is expressed in watts per meter kelvin (W/m·K) or joules per second meter 

kelvin (J/s·m·K) [43]. 

Importance of Hydrogen as an Alternative Fuel: 

Technological Advances and Research: Hydrogen drives research and development of new technologies, 

which can lead to significant advances in energy efficiency, refueling infrastructure, and sustainable hydrogen 

production [36]. 

Efficiency and Technological Applications: The thermal properties and thermal activity of hydrogen 

determine its efficiency in various technological applications [37, 38]. 

Potential for Innovation: The use of hydrogen as an alternative fuel offers significant advantages, including 

low environmental impact, abundance, versatility, and potential to promote technological innovation in the 

energy sector. 

Therefore, Properties and Associated Laws: The intrinsic properties of hydrogen—low activation energy, 

wide flammability range, high diffusion speed, low density, and high thermal conductivity—are evaluated 

through the physical and chemical laws that govern them. Each property has practical implications for the 

efficient and safe use of hydrogen. The discussion focuses on how these properties can be optimized to 

promote the adoption of hydrogen as a key energy resource (See Table 1). 

The large-scale adoption of hydrogen as an energy source will require a comprehensive approach that 

considers not only technological advances but also economic viability, necessary infrastructure, and social 

acceptance. Public education and awareness of the benefits and safety of hydrogen are key components for its 

successful implementation. 

LIMITS OF HYDROGEN'S THERMAL PROPERTIES IN ENERGY APPLICATIONS 

[68-70] 

The potential of hydrogen's thermal properties depends on the limits of its physical properties, which are key to 

efficiency in energy applications. For example, its low activation energy and wide flammability range are 

advantageous in applications requiring quick and reliable ignition, such as internal combustion engines or 

heating systems. This can lead to higher energy efficiency for hydrogen. When properly activated, these 

properties are responsible for the economic benefits, efficiency, and safety of hydrogen in industrial thermal 

applications and transportation. 

Using hydrogen as an energy source also contributes to environmental sustainability, positioning it as a key 

fuel in the transition to a cleaner and more sustainable energy future, though it is characterized by certain 

limitations (see Table 2). This table identifies hydrogen's properties, and through their limits or typical values, 

is responsible for both the benefits and weaknesses associated with them. It demonstrates hydrogen's potential 

to revolutionize the global energy landscape, providing a clean and versatile energy source. Fully harnessing its 

benefits and mitigating its limitations will require a multifaceted approach, including technological 

innovations, supportive policies, and concerted efforts in education and awareness. With the right strategies, 

hydrogen can play a crucial role in the transition to a sustainable, carbon-free economy. 

 

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/


INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI) 

ISSN No. 2321-2705 | DOI: 10.51244/IJRSI |Volume XI Issue IX September 2024 

www.rsisinternational.org 
Page 1311 

 

  

    

 

HYDROGEN TECHNOLOGIES: ANALYSIS, AVAILABILITY, AND VIABILITY 

ACCORDING TO THEIR PROPERTIES [79-102] 

The deployment of hydrogen technologies requires a combination of advances in research, technological 

development, and supportive policies. Key technologies include water electrolysis, steam reforming, fuel cells, 

and various hydrogen storage and distribution techniques. 

Water Electrolysis is a technology that uses electricity to break water down into hydrogen and oxygen. This 

process can be powered by renewable energy sources such as solar or wind, producing green hydrogen with 

zero carbon emissions. High-temperature electrolysis, a more efficient variant of conventional electrolysis, is 

gaining interest due to its potential to reduce costs and increase efficiency. However, the economic viability of 

this technology depends on the availability and cost of renewable electricity. 

Steam Reforming is a mature technology that converts hydrocarbons into hydrogen and carbon dioxide using 

water vapor. Although this process is efficient and currently the most widely used method for hydrogen 

production, it generates CO2 emissions, requiring carbon capture and storage (CCS) technologies to mitigate 

its environmental impact. 

Fuel Cells convert hydrogen and oxygen into electricity and water without combustion. They are a promising 

option for both stationary and mobile applications. Solid oxide fuel cells (SOFC) and proton exchange 

membrane (PEM) fuel cells are being widely researched and developed. SOFCs operate at high temperatures 

and can directly use gaseous fuels, while PEMs are better suited for vehicle applications due to their smaller 

size and weight. 

Attached are Table 3 and Table 4, which provide a comprehensive overview of each technology, highlighting 

its potential to transform the global energy landscape. These technologies not only enable greater efficiency 

and sustainability but also offer practical solutions for decarbonizing multiple sectors. Their continued 

integration and development are critical to achieving global climate and energy goals. Table 4 indicates the 

relevance of hydrogen properties that influence the efficiency of its application (see Table 3). 

Hydrogen technologies stand out because of their intrinsic properties, which influence hydrogen production, 

storage, distribution, and use in industrial and residential sectors. Their relevance lies in the transition to a 

clean, sustainable energy economy, and safety plays a crucial role in determining the "viability and 

effectiveness" of these technologies, depending on their intrinsic properties (See Table 4).  

Hydrogen has the potential to be a cornerstone in the global energy transition. However, in Table 5, the 

limitations of each technology, which depend on its properties, are identified and described. These limiting 

factors reflect inherent barriers to the performance and implementation of hydrogen-based technologies. 

Additionally, efficiency indicators provide a quantitative measure of each technology's performance under the 

identified limitations. These indicators, including faradaic efficiency, thermal efficiency, power density, and 

storage capacity, directly influence the overall performance of hydrogen technologies (see Table 5). 

DISCUSSION AND CONCLUSIONS 

Hydrogen, as a clean energy source, offers significant potential to transform the global energy landscape. 

However, its success depends on addressing several key challenges: 

Versatility and Potential: Hydrogen stands out for its ability to adapt to various technological applications, 

from electricity generation in fuel cells to its use in transportation and industrial processes. Its versatility offers 

opportunities to replace fossil fuels and contribute to a cleaner economy. 

Technical and Economic Challenges: Hydrogen's properties present both benefits and risks. Its low activation 

energy facilitates ignition in engines and heating systems but increases the risk of accidental ignition, requiring 

stringent safety measures. Its high diffusion rate promotes complete combustion in industrial applications but 
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complicates the control of fuel mixtures. Low density makes transportation and storage easier but requires 

large volumes, which can increase costs and complicate logistics. Its wide flammability range allows efficient 

combustion but also poses explosion risks if not properly controlled. High thermal conductivity aids heat 

transfer but can lead to thermal losses that need efficient management. These challenges require advanced 

solutions in terms of storage, safety, and distribution to maximize efficiency and reduce costs.  

Technologies and Advances: Hydrogen production is primarily carried out through water electrolysis and 

natural gas reforming. Electrolysis, which uses electricity to separate hydrogen from oxygen, is advancing 

towards more sustainable production with green hydrogen sourced from renewable energy. On the other hand, 

natural gas reforming is more cost-effective but has a greater environmental impact. Fuel cells, such as solid 

oxide fuel cells (SOFC) and proton exchange membrane (PEM) cells, use hydrogen to generate electricity 

cleanly, but improving their efficiency and durability is crucial. Hydrogen storage can be cryogenic, high-

pressure, or underground, with each method presenting challenges in cost and safety. Research is focused on 

optimizing hydrogen efficiency and reducing costs to enable its widespread adoption as a clean and sustainable 

energy source. 

Infrastructure and Regulations: Developing a robust infrastructure for hydrogen storage and distribution is 

essential. Uniform regulations are needed to ensure interoperability and safety in hydrogen use.  

Innovation and Collaboration: Innovation in materials, advanced technologies, and storage systems is key to 

overcoming current barriers. Collaboration among researchers, industry, and governments will be essential to 

advancing hydrogen adoption and developing supportive policies. 

Education and Awareness: Promoting public education on hydrogen and its benefits will help overcome 

social barriers and foster greater acceptance and support for hydrogen-related technologies. 

Therefore, hydrogen has the potential to play a crucial role in the transition to a sustainable energy system. 

Achieving this goal will require a coordinated approach that integrates technological innovation, infrastructure 

development, international collaboration, and regulatory support. With the right commitment and investment, 

hydrogen can become a cornerstone of a clean and resilient energy future. 

Table 1. Physical and Chemical Laws: Assessment of Hydrogen Properties and Practical Implications 

[50-67] 

Property Laws 

Analyzing It 

Practical Implications Refs. 

Low Activation 

Energy 

- Transition 

State Theory 

The transition state theory helps understand how hydrogen can 

initiate chemical reactions with less energy, making it efficient 

for combustion processes and energy generation. 

50, 

51 

Wide 

Flammability 

Range 

- Fire Triangle 

- Explosivity 

Limits 

The fire triangle and explosivity limits show that hydrogen can 

ignite easily with small amounts of oxygen, making it a versatile 

energy source but with significant explosion risks, requiring strict 

safety measures. 

52, 

53 

High Diffusion 

Speed 

- Fick's Law - 

Knudsen Effect 

Fick's law and the Knudsen effect explain hydrogen's ability to 

quickly mix with other substances and permeate solid materials. 

This is crucial for its use in fuel cells and other energy 

technologies but also presents challenges in safely storing the gas. 

54, 

55 

Low Density - Boyle's Law - 

Charles's Law 

Boyle's and Charles's laws indicate that hydrogen occupies a 

large volume at room temperature and pressure, making it ideal 

for applications requiring lightness, such as in aerospace vehicles. 

However, its sensitivity to temperature changes must be properly 

62, 

63, 

64 
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managed. 

High Thermal 

Conductivity 

- Fourier's Law 

- Heat Capacity 

Fourier's law and heat capacity highlight that hydrogen can 

transfer heat quickly, making it useful in cooling and heating 

systems. Its high thermal conductivity enables efficient heat 

exchange, but it requires less energy to increase its temperature, 

optimizing energy efficiency in various industrial applications. 

65, 

66, 

67 

This table summarizes the properties of hydrogen, the physical and chemical laws that analyze them, and the 

practical implications for its use in various energy applications. 

Table 2. Typical Hydrogen Values: Limitations and Benefits of Hydrogen [71-79] 

Property Typical 

Values 

Benefits Limitations Bibliography 

Low 

Activation 

Energy 

1-100 kJ/mol 

(much lower 

than gasoline) 

- Responsible for fast and reliable 

ignition. - Crucial for internal 

combustion engines and heating 

systems. - Can lead to greater 

energy efficiency. Fast and reliable 

ignition, higher energy efficiency. 

- May result in a high 

risk of accidental 

ignition. 

71, 72 

Wide 

Flammability 

Range 

5% - 15% (in 

air, at 25°C 

and 1 atm) 

- Allows hydrogen to ignite easily 

in the presence of small amounts of 

oxygen. - Beneficial for 

applications requiring fast and 

efficient combustion. Easy ignition, 

efficient combustion. 

- Higher risk of 

explosion in 

uncontrolled 

environments. 

73 

High Diffusion 

Speed 

~1.4 times 

higher than air 

(at 25°C) 

- Essential for applications that 

require rapid fuel dispersion in air. 

- Crucial for complete and uniform 

combustion in industrial burners 

and chemical reactors. Rapid 

mixing with air, complete 

combustion. 

- May complicate 

fuel-air mixture 

control, requiring 

more complex 

systems. 

74, 75 

Low Density ~0.08988 

kg/m³ (at 0°C 

and 1 atm) 

- Facilitates transport and storage. - 

Important for mobile applications 

such as vehicles and aircraft. - 

Maximizes fuel efficiency and 

minimizes weight. 

- Requires large 

volumes for storage, 

impacting 

infrastructure. 

76, 77 

High Thermal 

Conductivity 

0.168 W/m·K 

(under 

standard 

conditions at 

0°C) 

- Contributes to more efficient and 

controlled combustion. - Crucial 

for ensuring safe and stable 

operation. - Applications in various 

areas, ensuring efficiency and 

control. 

- May result in 

unwanted heat loss in 

poorly insulated 

systems. 

78 

The magnitude of typical values of hydrogen's properties allows for optimizing its use and maximizing the 

efficiency of technology in transportation, storage, and combustion, while mitigating risks related to safety and 

infrastructure. 
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Table 3. Hydrogen Technologies [79-101] 

Technology Description 

Water Electrolysis Process that uses electricity to break water into hydrogen and oxygen. 

Steam Reforming Process that converts liquid or gaseous hydrocarbons into hydrogen and 

carbon dioxide using water vapor. 

Fuel Cells Electrochemical devices that convert hydrogen and oxygen into 

electricity and water without combustion. 

Hydrogen Storage Various technologies such as high-pressure tanks, cryogenic storage, 

absorbent materials, etc. 

Hydrogen Distribution Infrastructure for the safe transport and distribution of hydrogen through 

pipelines or tanker trucks. 

Hydrogen Vehicles Vehicles that use fuel cells or modified internal combustion engines to 

run on hydrogen. 

Stationary Fuel Cells Stationary systems that use fuel cells to generate electricity from 

hydrogen. 

Underground Hydrogen Storage Technology that stores hydrogen in underground caverns or porous 

geological formations. 

Maritime Hydrogen Transport Technologies to transport liquid hydrogen in bulk by sea using 

specialized tankers. 

Portable Fuel Cells Compact devices that convert hydrogen into electricity, used in portable 

applications like consumer electronics. 

Hydrogen Injection into Natural 

Gas Networks 

Controlled introduction of hydrogen into natural gas distribution 

networks to reduce carbon emissions. 

Carbon Capture and Storage 

(CCS) with H2 

Processes that use hydrogen to capture CO2 from industrial sources and 

store it safely. 

High-Temperature Electrolysis A variant of conventional electrolysis that operates at higher 

temperatures, potentially increasing efficiency and reducing costs. 

CO2 Reduction 

Electrochemistry 

Process that uses hydrogen generated from renewable sources to reduce 

atmospheric CO2 and produce valuable chemicals. 

Hydrogen as Industrial Fuel Use of hydrogen as fuel in industrial processes, such as steel production, 

petrochemicals, and oil refining. 

Salt Cavern Storage Technology that involves storing hydrogen in salt caverns for large-scale, 

long-term storage. 

Electrochemical Solutions Process that uses electrodes and membranes to break down water and 

produce hydrogen and oxygen, applied in the chemical industry. 

Hydrogen for Residential Use of hydrogen as fuel for residential heating systems, helping reduce 
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Heating emissions in the residential sector. 

Hydrogen as Aviation Fuel Ongoing research into using hydrogen as aviation fuel, reducing carbon 

emissions in aviation. 

Proton Exchange Membrane 

(PEM) Electrolysis 

Type of electrolysis that uses polymer membranes to produce hydrogen, 

suitable for vehicles due to its size and weight. 

Green Hydrogen Hydrogen produced from renewable sources like solar or wind energy via 

electrolysis, with zero carbon emissions. 

Solid Oxide Fuel Cells (SOFC) Type of fuel cell that operates at high temperatures and uses gaseous fuels 

such as hydrogen or methane. 

Natural Gas Reforming Process that converts natural gas into hydrogen and CO2 via steam 

reforming. Used in industrial applications and vehicles. 

Anion Exchange Membrane 

Fuel Cells (AEMFC) 

Emerging fuel cell operating at low temperatures, potentially more cost-

effective than PEMFC, suitable for various applications. 

Carbon Capture and Storage 

(CCS) 

Captures CO2 produced during hydrogen generation from fossil fuels, 

storing it safely. 

 

Table 4. Key Properties: Influence on Technological Applications [79-101] 

Technology Influencing Properties Relevance and Efficiency 

Water Electrolysis - Electrical conductivity, 

membrane efficiency, water 

purity. 

Green hydrogen production, crucial for the 

renewable energy economy. 

Steam Reforming - Operating temperature, pressure, 

catalyst quality. 

Main hydrogen source in industry, key to 

mass production. 

Fuel Cells - Electrochemical efficiency, 

membrane durability, hydrogen 

purity. 

Efficient electricity generation with only 

water as a byproduct, crucial for clean 

applications. 

Hydrogen Storage - Storage capacity, stability, 

safety, energy density. 

Essential for distribution and use in various 

applications, ensuring continuous 

availability. 

Hydrogen Distribution - Storage pressure, pipeline 

materials, safety. 

Critical infrastructure for the safe and 

efficient transport of hydrogen from 

production to consumption. 

Hydrogen Vehicles - Fuel cell efficiency, storage 

capacity, tank weight. 

Significant emissions reduction in 

transport, driving sustainable mobility. 

Hydrogen Generators - Process efficiency, operational 

stability, size, and portability. 

On-site production for specific applications, 

improves local energy efficiency. 

Stationary Fuel Cells - Electrochemical efficiency, 

durability, hydrogen purity. 

Provides continuous and clean energy for 

stationary applications, reducing the carbon 
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footprint. 

Underground Hydrogen 

Storage 

- Cavern capacity, geological 

integrity, safety. 

Large-scale, long-term solution, essential 

for balancing energy supply and demand. 

Maritime Hydrogen 

Transport 

- Energy density, safety, 

cryogenic storage efficiency. 

Enables global hydrogen transport, 

facilitating international energy trade. 

Portable Fuel Cells - Electrochemical efficiency, size 

and weight, durability. 

Energy source for portable devices, useful 

in emergencies and consumer technology. 

Hydrogen Injection into 

Natural Gas Networks 

- Compatibility with existing 

infrastructure, blending ratio. 

Reduces carbon emissions in natural gas 

use, integrating hydrogen into existing 

infrastructures. 

Carbon Capture and 

Storage (CCS) 

- Capture efficiency, storage 

capacity, geological stability. 

Mitigation of industrial CO2 emissions, 

essential for industrial sustainability. 

High-Temperature 

Electrolysis 

- Operating temperature, 

membrane efficiency, material 

durability. 

Higher efficiency and lower cost compared 

to conventional electrolysis, enhancing its 

economic viability. 

CO2 Reduction 

Electrochemistry 

- Reduction efficiency, hydrogen 

purity, process stability. 

Atmospheric CO2 reduction, production of 

valuable chemicals, contributing to the 

circular economy. 

Hydrogen as Industrial 

Fuel 

- Combustion efficiency, supply 

stability, hydrogen purity. 

Used in industrial processes to reduce 

emissions, improving production 

sustainability. 

Salt Cavern Storage - Salt cavern capacity, geological 

integrity, safety. 

Large-scale storage solution, crucial for 

energy supply stability. 

Electrochemical Solutions - Process efficiency, electrode 

quality, water purity. 

Hydrogen production for industrial 

applications, increases chemical process 

efficiency. 

Hydrogen for Residential 

Heating 

- Combustion efficiency, supply 

safety, storage capacity. 

Reduction of greenhouse gas emissions in 

the residential sector, improving energy 

efficiency. 

Hydrogen as Aviation 

Fuel 

- Combustion efficiency, energy 

density, storage weight. 

Potential emissions reduction in aviation, 

significant progress towards sustainable 

flights. 

PEM Electrolysis - Membrane efficiency, durability, 

hydrogen purity. 

Suitable for mobile applications, increasing 

the viability of hydrogen vehicles. 

Green Hydrogen - Electrolysis process efficiency, 

production capacity, hydrogen 

purity. 

Clean fuel with zero carbon emissions, a 

pillar of the renewable energy economy. 

SOFC Fuel Cells - Operating temperature, 

electrochemical efficiency, 

durability. 

Electricity generation from diverse fuels, 

flexibility in stationary applications. 
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Natural Gas Reforming - Process efficiency, catalyst 

quality, operating temperature and 

pressure. 

Important industrial hydrogen source, 

facilitating the transition to a hydrogen 

economy. 

AEMFC Fuel Cells - Electrochemical efficiency, 

durability, hydrogen purity. 

Cost reduction in production, applicable in 

various areas, including stationary and 

vehicle applications. 

Carbon Capture and 

Storage (CCS) 

- Capture efficiency, storage 

capacity, safety. 

Reduction of greenhouse gas emissions, 

key to environmental sustainability. 

This table provides a clear view of how hydrogen properties influence the efficiency of each technology, from 

production and storage to transportation and final use. It identifies the key factors to optimize its application 

and improve its integration into a sustainable economy. 

Table 5. Limitations and Efficiency Indicators of Hydrogen Properties in Each Application [79-101] 

Technology Property Limitations Efficiency Indicators 

Water 

Electrolysis 

- Water's electrical conductivity - Electrode energy 

efficiency - High energy demand - Efficiency limited 

by overpotentials. 

- Faradaic efficiency - Specific 

energy consumption - Specific 

energy consumed. 

Steam 

Reforming 

- Thermal stability - Catalytic reactivity - CO2 

emissions - Requires high temperatures. 

- Reforming yield - Thermal 

efficiency. 

Fuel Cells - Ionic conductivity of electrolytes - Material 

durability - High material cost - Component 

degradation. 

- Electrical efficiency - Power 

density. 

Hydrogen 

Storage 

- Volumetric energy density - Material absorption 

capacity - Low volumetric energy density - 

Cryogenic storage costs. 

- Storage capacity - Evaporation 

losses. 

Hydrogen 

Distribution 

- Storage pressure - Transport safety - Expensive 

infrastructure - Safety risks and leaks. 

- Cost per 

The table identifies the key factors that affect the performance of each technology and the aspects that need to 

be optimized to improve their efficiency and viability, helping to understand the challenges and opportunities 

in using hydrogen as a clean energy source. 

REFERENCIA BIBLIOGRAFICAS  

1. FMI: La Década del Hidrógeno:Disponible en. 

https://www.imf.org/es/Publications/fandd/issues/2022/12/hydrogen-decade-van-de-graaf. 
2. Ecoticias: El hidrógeno como fuente de energía renovable: https://www.ecoticias.com/energias-

renovables/el-hidrogeno-como-fuente-de-energia-renovable:. 

3. Video YouTube: El futuro del hidrógeno verde. https://m.youtube.com/watch?v=_EVKk36fpFw.  

4. Ventajas y beneficios:+ Baxi: Hidrógeno, ventajas y desventajas: https://www.baxi.es/ayuda-y-

consejos/normativa-y-renovables/hidrogeno-ventajas-y-desventajas.  

5. Ecoticias: El hidrógeno como fuente de energía renovable: https://www.ecoticias.com/energias-

renovables/el-hidrogeno-como-fuente-de-energia-renovable.. 

6. National Geographic: Ventajas e inconvenientes del hidrógeno como combustible 

alternativo:https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-

combustible-alternativo_14897. Disponible e ingreso  

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/
https://www.imf.org/es/Publications/fandd/issues/2022/12/hydrogen-decade-van-de-graaf
https://www.ecoticias.com/energias-renovables/el-hidrogeno-como-fuente-de-energia-renovable
https://www.ecoticias.com/energias-renovables/el-hidrogeno-como-fuente-de-energia-renovable
https://m.youtube.com/watch?v=_EVKk36fpFw
https://www.baxi.es/ayuda-y-consejos/normativa-y-renovables/hidrogeno-ventajas-y-desventajas
https://www.baxi.es/ayuda-y-consejos/normativa-y-renovables/hidrogeno-ventajas-y-desventajas
https://www.ecoticias.com/energias-renovables/el-hidrogeno-como-fuente-de-energia-renovable
https://www.ecoticias.com/energias-renovables/el-hidrogeno-como-fuente-de-energia-renovable
https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-combustible-alternativo_14897
https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-combustible-alternativo_14897


INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI) 

ISSN No. 2321-2705 | DOI: 10.51244/IJRSI |Volume XI Issue IX September 2024 

www.rsisinternational.org 
Page 1318 

 

  

    

 

7. Ariema: Usos y aplicaciones del hidrógeno. https://www.ariema.com/usos-y-aplicaciones-del-

hidrogeno.  

8. Zigor: Hidrógeno verde para la descarbonización. . https://zigor.com/innovacion/hidrogeno-verde-

descarbonizacion/.  

9. Ennomotive: Usos del hidrógeno. https://www.ennomotive.com/es/usos-del-hidrogeno/  

10. El Blog Salmón: El futuro energético pasa por el hidrógeno. 

https://www.elblogsalmon.com/sectores/futuro-energetico-pasa-hidrogeno.  

11. National Geographic: Ventajas e inconvenientes del hidrógeno como combustible 

alternativo:https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-

combustible-alternativo_14897 

12. RankiaPro: El hidrógeno verde gana peso en la transición energética. 

https://rankiapro.com/es/insights/hidrogeno-verde-gana-peso-transicion-energetica/.  

13. National Geographic: Ventajas e inconvenientes del hidrógeno como combustible alternativo. 

https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-

combustible-alternativo_14897 

14. Video YouTube: El futuro del hidrógeno verde. https://m.youtube.com/watch?v=_EVKk36fpFw.  

15. Enagás: ¿Qué es la economía del hidrógeno?. https://goodnewenergy.enagas.es/innovadores/que-es-la-

economia-del-hidrogeno/.  

16. Fundación Naturgy: El hidrógeno como vector energético. https://www.fundacionnaturgy.org/wp-

content/uploads/2015/12/%C3%81frica-Castro.pdf.  

17. Zigor: Hidrógeno verde para la descarbonización. Disponible e ingreso 03/04/2023: 

https://zigor.com/innovacion/hidrogeno-verde-descarbonizacion/ 

18. RankiaPro: El hidrógeno verde gana peso en la transición energética. 

https://rankiapro.com/es/insights/hidrogeno-verde-gana-peso-transicion-energetica/.  

19. Baxi: Hidrógeno, ventajas y desventajas. https://www.baxi.es/ayuda-y-consejos/normativa-y-

renovables/hidrogeno-ventajas-y-desventajas 

20. Ecoticias: El hidrógeno como fuente de energía renovable.https://www.ecoticias.com/energias-

renovables/el-hidrogeno-como-fuente-de-energia-renovable.  

21. Video YouTube: El futuro del hidrógeno verde. https://m.youtube.com/watch?v=_EVKk36fpFw.  

22. Ecoticias: El Fontes Info.  ttps//es.scribd.com/document/519180191/MINIREVIEW-OBTENCION-

DE-HIDROGENO-APARTIR-DE-AMONIACO-1-11.  

23. Ecoticias: El hidrógeno como fuente de energía renovable. https://www.ecoticias.com/energias-

renovables/el hidrogeno-como-fuente-de-energia-renovable 

24. El Blog Salmón: El futuro energético pasa por el hidrógeno. 

https://www.elblogsalmon.com/sectores/futuro energetico-pasa-hidrogeno 

25. Hidrogeno verde: https://www.iea.org/reports/hydrogen.Disponible e ingreso 03/04/2023 Aplicaciones 

en transporte:  

26. Ariema: Usos y aplicaciones del hidrógeno.https://www.ariema.com/usos-y-aplicaciones-del-hidrogeno 

27. Zigor: Hidrógeno verde para la descarbonización.  https://zigor.com/innovacion/hidrogeno-verde-

descarbonizacion/ 

28. Enagás: ¿Qué es la economía del hidrógeno?. https://goodnewenergy.enagas.es/innovadores/que-es-la-

economia-del-hidrogeno/ 

29. Eficiencia en comparación con los motores de combustión interna: 

30. El Blog Salmón: El futuro energético pasa por el hidrógeno. 

https://www.elblogsalmon.com/sectores/futuro-energetico-pasa-hidrogeno 

31. National Geographic: Ventajas e inconvenientes del hidrógeno como combustible alternativo. 

https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-

combustible-alternativo_14897 

32. RankiaPro: El hidrógeno verde gana peso en la transición energética. 

https://rankiapro.com/es/insights/hidrogeno-verde-gana-peso-transicion-energetica/ 

33. Reducción de la dependencia de los combustibles importados:  

34. El Blog Salmón: El futuro energético pasa por el hidrógeno. 

https://www.elblogsalmon.com/sectores/futuro-energetico-pasa-hidrogeno 

35. Hidrogeno verde. : https://www.iea.org/reports/hydrogen 

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/
https://www.ariema.com/usos-y-aplicaciones-del-hidrogeno
https://www.ariema.com/usos-y-aplicaciones-del-hidrogeno
https://zigor.com/innovacion/hidrogeno-verde-descarbonizacion/
https://zigor.com/innovacion/hidrogeno-verde-descarbonizacion/
https://www.ennomotive.com/es/usos-del-hidrogeno/
https://www.elblogsalmon.com/sectores/futuro-energetico-pasa-hidrogeno
https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-combustible-alternativo_14897
https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-combustible-alternativo_14897
https://rankiapro.com/es/insights/hidrogeno-verde-gana-peso-transicion-energetica/
https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-combustible-alternativo_14897
https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-combustible-alternativo_14897
https://m.youtube.com/watch?v=_EVKk36fpFw
https://goodnewenergy.enagas.es/innovadores/que-es-la-economia-del-hidrogeno/
https://goodnewenergy.enagas.es/innovadores/que-es-la-economia-del-hidrogeno/
https://www.fundacionnaturgy.org/wp-content/uploads/2015/12/%C3%81frica-Castro.pdf
https://www.fundacionnaturgy.org/wp-content/uploads/2015/12/%C3%81frica-Castro.pdf
https://zigor.com/innovacion/hidrogeno-verde-descarbonizacion/
https://rankiapro.com/es/insights/hidrogeno-verde-gana-peso-transicion-energetica/
https://www.baxi.es/ayuda-y-consejos/normativa-y-renovables/hidrogeno-ventajas-y-desventajas
https://www.baxi.es/ayuda-y-consejos/normativa-y-renovables/hidrogeno-ventajas-y-desventajas
https://www.ecoticias.com/energias-renovables/el-hidrogeno-como-fuente-de-energia-renovable
https://www.ecoticias.com/energias-renovables/el-hidrogeno-como-fuente-de-energia-renovable
https://m.youtube.com/watch?v=_EVKk36fpFw
https://es.scribd.com/document/519180191/MINIREVIEW-OBTENCION-DE-HIDROGENO-APARTIR-DE-AMONIACO-1-1
https://es.scribd.com/document/519180191/MINIREVIEW-OBTENCION-DE-HIDROGENO-APARTIR-DE-AMONIACO-1-1
https://www.ecoticias.com/energias-renovables/el%20hidrogeno-como-fuente-de-energia-renovable
https://www.ecoticias.com/energias-renovables/el%20hidrogeno-como-fuente-de-energia-renovable
https://www.elblogsalmon.com/sectores/futuro%20energetico-pasa-hidrogeno
https://www.iea.org/reports/hydrogen
https://www.ariema.com/usos-y-aplicaciones-del-hidrogeno
https://zigor.com/innovacion/hidrogeno-verde-descarbonizacion/
https://zigor.com/innovacion/hidrogeno-verde-descarbonizacion/
https://goodnewenergy.enagas.es/innovadores/que-es-la-economia-del-hidrogeno/
https://goodnewenergy.enagas.es/innovadores/que-es-la-economia-del-hidrogeno/
https://www.elblogsalmon.com/sectores/futuro-energetico-pasa-hidrogeno
https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-combustible-alternativo_14897
https://www.nationalgeographic.com.es/ciencia/ventajas-e-inconvenientes-hidrogeno-como-combustible-alternativo_14897
https://rankiapro.com/es/insights/hidrogeno-verde-gana-peso-transicion-energetica/
https://www.elblogsalmon.com/sectores/futuro-energetico-pasa-hidrogeno
https://www.iea.org/reports/hydrogen


INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI) 

ISSN No. 2321-2705 | DOI: 10.51244/IJRSI |Volume XI Issue IX September 2024 

www.rsisinternational.org 
Page 1319 

 

  

    

 

36. Enagás: ¿Qué es la economía del hidrógeno?. https://goodnewenergy.enagas.es/innovadores/que-es-la-

economia-del-hidrogeno/ 

37. Holladay, JD, Hu, J., King, DL y Wang, Y. (2009). "Una visión general de las tecnologías de 

producción de hidrógeno". Catalysis Today, 139(4), 244-260., 

https://doi.org/10.1016/j.cattod.2008.08.039 

38. Bossel, U., y Eliasson, B. (2003). Energía y economía del hidrógeno. 

https://afdc.energy.gov/files/pdfs/hyd_economy_bossel_eliasson.pdf 

39. Ball, M., y Weeda, M. (2015). "La economía del hidrógeno: ¿visión o realidad?", International Journal 

of Hydrogen Energy, 40(25), 7903-7919 https://doi.org/10.1016/j.ijhydene.2015.04.032 

40. Dunn, S. (2002). "Futuros del hidrógeno: hacia un sistema energético sostenible". Revista Internacional 

de Energía del Hidrógeno, 27(3), 235-264. http://dx.doi.org/10.1016/S0360-3199(01)00131-8 

41. Mazloomi, K., y Gomes, C. (2012). “El hidrógeno como portador de energía: perspectivas y desafíos”. 

Renewable and Sustainable Energy Reviews, 16(5), 3024-

3033.https://doi.org/10.1016/j.rser.2012.02.028 

42. SM Fernández-Valverde —F., Hidrógeno como energético y materiales para celdas de combustibles., 

https://www.inin.gob.mx/documentos/publicaciones/contridelinin/Cap%C3%ADtulo%2028.pdf 

43. Steele, B. C. H., & Heinzel, A. (2001). Materials for fuel-cell technologies. Nature, 414(6861), 345-

352., https://doi.org/10.1038/35104620 

44. Barbir, F. (2005). PEM Fuel Cells: Theory and Practice. Academic Press. 

45. O'hayre, R., Cha, S. W., Colella, W., & Prinz, F. B. (2016). Fuel Cell Fundamentals. John Wiley & 

Sons. 

46. Bossel, U., & Eliasson, B. (2003). Energy and the hydrogen economy. European Fuel Cell Forum., 

https://afdc.energy.gov/files/pdfs/hyd_economy_bossel_eliasson.pdf 

47. Turner, J. A. (2004). Sustainable hydrogen production. Science, 305(5686), 972-974., 

https://doi.org/10.1126/science.1103197 

48. Penner, S. S. (2006). Steps toward the hydrogen economy. Energy, 31(1), 33-43., 

https://doi.org/10.1016/j.energy.2004.04.060 

49. McDowall, W., & Eames, M. (2006). Forecasts, scenarios, visions, backcasts and roadmaps to the 

hydrogen economy: A review of the hydrogen futures literature. Energy Policy, 34(11), 1236-1250., 

https://doi.org/10.1016/j.enpol.2005.12.006 

50. Ramachandran, R., & Menon, R. K. (1998). An overview of industrial uses of hydrogen. International 

Journal of Hydrogen Energy, 23(7), 593-598., https://doi.org/10.1016/S0360-3199%2897%2900112-2 

51. Bossel, U. (2006). Does a hydrogen economy make sense?. Proceedings of the IEEE, 94(10), 1826-

1837., 

https://alpha.chem.umb.edu/chemistry/ch471/evans%20files/Proceedings%20of%20the%20IEEE%202

006%20Bossel.pdf 

52. Schlapbach, L., & Züttel, A. (2001). Hydrogen-storage materials for mobile applications. Nature, 

414(6861), 353-358., https://doi.org/10.1038/35104634 

53. Dincer, I. (2012). Green methods for hydrogen production. International Journal of Hydrogen Energy, 

37(2), 1954-1971., Dincer, I. (2012). Green methods for hydrogen production. International Journal of 

Hydrogen Energy, 37(2), 1954-1971., https://doi.org/10.1016/j.ijhydene.2011.03.173 

54. Züttel, A., Remhof, A., Borgschulte, A., & Friedrichs, O. (2010). Hydrogen: the future energy carrier. 

Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 

368(1923), 3329-3342., https://doi.org/10.1098/rsta.2010.0113 

55. Balat, M. (2008). Potential importance of hydrogen as a future solution to environmental and 

transportation problems. International Journal of Hydrogen Energy, 33(15), 4013-4029., 

http://dx.doi.org/10.1016/j.ijhydene.2008.05.047 

56. Veziroglu, T. N., & Macario, R. C. (2011). Fuel cell vehicles: State of the art with economic and 

environmental concerns. International Journal of Hydrogen Energy, 36(1), 25-43., 

http://dx.doi.org/10.1016/j.ijhydene.2010.08.145 

57. Ball, M., & Weeda, M. (2015). The hydrogen economy–vision or reality?. International Journal of 

Hydrogen Energy, 40(25), 7903-7919., https://doi.org/10.1016/j.ijhydene.2010.08.145 

58. Turner, J. (1999). A realizable renewable energy future. Science, 285(5428), 687-689., 

https://doi.org/10.1126/science.285.5428.687 

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/
https://goodnewenergy.enagas.es/innovadores/que-es-la-economia-del-hidrogeno/
https://goodnewenergy.enagas.es/innovadores/que-es-la-economia-del-hidrogeno/
https://doi.org/10.1016/j.cattod.2008.08.039
https://afdc.energy.gov/files/pdfs/hyd_economy_bossel_eliasson.pdf
https://doi.org/10.1016/j.ijhydene.2015.04.032
http://dx.doi.org/10.1016/S0360-3199(01)00131-8
https://doi.org/10.1016/j.rser.2012.02.028
https://www.inin.gob.mx/documentos/publicaciones/contridelinin/Cap%C3%ADtulo%2028.pdf
https://doi.org/10.1038/35104620
https://afdc.energy.gov/files/pdfs/hyd_economy_bossel_eliasson.pdf
https://doi.org/10.1126/science.1103197
https://doi.org/10.1016/j.energy.2004.04.060
https://doi.org/10.1016/j.enpol.2005.12.006
https://doi.org/10.1016/S0360-3199%2897%2900112-2
https://alpha.chem.umb.edu/chemistry/ch471/evans%20files/Proceedings%20of%20the%20IEEE%202006%20Bossel.pdf
https://alpha.chem.umb.edu/chemistry/ch471/evans%20files/Proceedings%20of%20the%20IEEE%202006%20Bossel.pdf
https://doi.org/10.1038/35104634
https://doi.org/10.1016/j.ijhydene.2011.03.173
https://doi.org/10.1098/rsta.2010.0113
http://dx.doi.org/10.1016/j.ijhydene.2008.05.047
http://dx.doi.org/10.1016/j.ijhydene.2010.08.145
https://doi.org/10.1016/j.ijhydene.2010.08.145
https://doi.org/10.1126/science.285.5428.687


INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI) 

ISSN No. 2321-2705 | DOI: 10.51244/IJRSI |Volume XI Issue IX September 2024 

www.rsisinternational.org 
Page 1320 

 

  

    

 

59. Dunn, S. (2002). Hydrogen futures: toward a sustainable energy system. International Journal of 

Hydrogen Energy, 27(3), 235-264., https://doi.org/10.1016/S0360-3199(01)00131-8 

60. Bockris, J. O. (2002). The origin of ideas on a hydrogen economy and its solution to the decay of the 

environment. International Journal of Hydrogen Energy, 27(7-8), 731-740., 

https://doi.org/10.1016/S0360-3199(01)00154-9 

61. Eberle, U., Müller, B., & von Helmolt, R. (2012). Fuel cell electric vehicles and hydrogen 

infrastructure: status 2012. Energy & Environmental Science, 5(10), 8780-8798., 

https://doi.org/10.1039/C2EE22596D 

62. Yang, C. (2009). Hydrogen and electricity: Parallels, interactions, and convergence. International 

Journal of Hydrogen Energy, 34(9), 3775-3783., http://dx.doi.org/10.1016/j.ijhydene.2008.02.020 

63. Bossel, U., & Eliasson, B. (2003). Energy and the hydrogen economy. European Fuel Cell Forum., 

https://afdc.energy.gov/files/pdfs/hyd_economy_bossel_eliasson.pdf 

64. Ogden, J. (2002). Prospects for building a hydrogen energy infrastructure. Annual Review of Energy 

and the Environment, 24(1), 227-279., https://doi.org/10.1146/annurev.energy.24.1.227 

65. Pehnt, M. (2006). Dynamic life cycle assessment (LCA) of renewable energy technologies. Renewable 

Energy, 31(1), 55-71., 

https://econpapers.repec.org/scripts/redir.pf?u=https%3A%2F%2Fdoi.org%2F10.1016%252Fj.renene.2

005.03.002;h=repec:eee:renene:v:31:y:2006:i:1:p:55-71 

66. Peschka, W. (1998). Liquid hydrogen: fuel of the future. International Journal of Hydrogen Energy, 

23(1), 27-43., https://doi.org/10.1016/S0360-3199%2897%2900015-3 

67. IEA (International Energy Agency). (2019). The Future of Hydrogen: Seizing Today’s Opportunities. 

Paris: IEA Publications., https://www.iea.org/reports/the-future-of-hydrogen. 

68. Moriarty, P., & Honnery, D. (2007). Intermittent renewable energy: The only future source of 

hydrogen?. International Journal of Hydrogen Energy, 32(12), 1616-1624., 

https://doi.org/10.1016/j.ijhydene.2006.12.008 

69. Crabtree, G. W., Dresselhaus, M. S., & Buchanan, M. V. (2004). The hydrogen economy. Physics 

Today, 57(12), 39-44 https://saeta.physics.hmc.edu/ courses/p80 /papers/hydrogen/Ph ysToday% 

20Hydroge n% 2 0 0 412 39.pdf 

70. Luo, Y. R. (2007). Comprehensive Handbook of Chemical Bond Energies. CRC Press. 

71. Lide, D. R. (2004). CRC Handbook of Chemistry and Physics. CRC Press. 

72. Murov, S. L., Carmichael, I., & Hug, G. L. (1993). Handbook of Photochemistry. CRC Press. 

73. Tipler, P. A., & Mosca, G. (2007). Physics for Scientists and Engineers. W.H. Freeman and Company. 

74. Glassman, I., & Yetter, R. A. (2008). Combustion. Academic Press. 

75. Turns, S. R. (2011). An Introduction to Combustion: Concepts and Applications. McGraw-Hill 

Education. 

76. Lewis, B., & von Elbe, G. (1987). Combustion, Flames and Explosions of Gases. Academic Press. 

77. Bird, R. B., Stewart, W. E., & Lightfoot, E. N. (2006). Transport Phenomena. John Wiley & Sons. 

78. Cussler, E. L. (2009). Diffusion: Mass Transfer in Fluid Systems. Cambridge University Press. 

79. Reid, R. C., Prausnitz, J. M., & Poling, B. E. (1987). The Properties of Gases and Liquids. McGraw-

Hill Education 

80. Lide, D. R. (2004). CRC Handbook of Chemistry and Physics. CRC Press., 

https://ia601308.us.archive.org/27/items/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBoo

k-LRN/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN.pdf 

81. Poling, B. E., Prausnitz, J. M., & O'Connell, J. P. (2001). The Properties of Gases and Liquids. 

McGraw-Hill Education. 

82. Van Wylen, G. J., & Sonntag, R. E. (2003). Fundamentals of Classical Thermodynamics. John Wiley & 

Sons. 

83. Yaws, C. L. (2008). Thermophysical Properties of Chemicals and Hydrocarbons. William Andrew. 

84. Vargaftik, N. B., Volkov, B. N., & Voljak, L. D. (1996). Handbook of Thermal Conductivity of Liquids 

and Gases. CRC Press. 

85. Incropera, F. P., & DeWitt, D. P. (2002). Introduction to Heat Transfer. John Wiley & Sons. 

86. Eyring, H. (1935). The activated complex in chemical reactions. The Journal of Chemical Physics, 3(2), 

107-115. 

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/
https://doi.org/10.1016/S0360-3199(01)00131-8
https://doi.org/10.1016/S0360-3199(01)00154-9
https://doi.org/10.1039/C2EE22596D
http://dx.doi.org/10.1016/j.ijhydene.2008.02.020
https://afdc.energy.gov/files/pdfs/hyd_economy_bossel_eliasson.pdf
https://doi.org/10.1146/annurev.energy.24.1.227
https://econpapers.repec.org/scripts/redir.pf?u=https%3A%2F%2Fdoi.org%2F10.1016%252Fj.renene.2005.03.002;h=repec:eee:renene:v:31:y:2006:i:1:p:55-71
https://econpapers.repec.org/scripts/redir.pf?u=https%3A%2F%2Fdoi.org%2F10.1016%252Fj.renene.2005.03.002;h=repec:eee:renene:v:31:y:2006:i:1:p:55-71
https://doi.org/10.1016/S0360-3199%2897%2900015-3
https://www.iea.org/reports/the-future-of-hydrogen
https://doi.org/10.1016/j.ijhydene.2006.12.008
https://saeta.physics.hmc.edu/%20courses/p80%20/papers/hydrogen/Ph%20ysToday%25%2020Hydroge%20n%25%202%200%200%20412%2039.pdf
https://saeta.physics.hmc.edu/%20courses/p80%20/papers/hydrogen/Ph%20ysToday%25%2020Hydroge%20n%25%202%200%200%20412%2039.pdf
https://ia601308.us.archive.org/27/items/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN.pdf
https://ia601308.us.archive.org/27/items/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN/CRC.Press.Handbook.of.Chemistry.and.Physics.85th.ed.eBook-LRN.pdf


INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI) 

ISSN No. 2321-2705 | DOI: 10.51244/IJRSI |Volume XI Issue IX September 2024 

www.rsisinternational.org 
Page 1321 

 

  

    

 

87. Truhlar, D. G., Garrett, B. C., & Klippenstein, S. J. (1996). Current status of transition-state theory. The 

Journal of Physical Chemistry, 100(31), 12771-12800. 

88. Arrhenius, S. (1889). Über die Reaktionsgeschwindigkeit bei der Inversion von Rohrzucker durch 

Säuren. Zeitschrift für Physikalische Chemie, 4(1), 226-248. 

89. Laidler, K. J. (1984). The development of the Arrhenius equation. Journal of Chemical Education, 

61(6), 494. 

90. Drysdale, D. (2011). An Introduction to Fire Dynamics. Wiley. 

91. Quintiere, J. G. (2006). Fundamentals of Fire Phenomena. Wiley. 

92. Lewis, B., & von Elbe, G. (1987). Combustion, Flames and Explosions of Gases. Academic Press.  

93. Crowl, D. A., & Louvar, J. F. (2011). Chemical Process Safety: Fundamentals with Applications. 

Pearson Education. 

94. Cussler, E. L. (2009). Diffusion: Mass Transfer in Fluid Systems. Cambridge University Press.  

95. Crank, J. (1975). The Mathematics of Diffusion. Oxford University Press. 

96. Knudsen, M. (1909). Die Gesetze der Molekularströmung und der inneren Reibungsströmung der Gase 

durch Röhren. Annalen der Physik, 333(1), 75-130. 

97. Bird, R. B., Stewart, W. E., & Lightfoot, E. N. (2007). Transport Phenomena. Wiley. 

98. Boyle, R. (1662). A Defence of the Doctrine Touching the Spring and Weight of the Air. Oxford 

University Press. 

99. Atkins, P., & De Paula, J. (2010). Atkins' Physical Chemistry. Oxford University Press. 

100. Charles, J. A. C. (1787). Sur les propriétés des gaz. Mémoires de l'Académie des Sciences. 

101. Atkins, P., & De Paula, J. (2010). Atkins' Physical Chemistry. Oxford University Press. 

102. Fourier, J. (1822). Théorie analytique de la chaleur. Cambridge University Press. 

103. Kreith, F., & Manglik, R. M. (2016). Principles of Heat Transfer. Cengage Learning. 

104. Mills, A. F. (1995). Heat Transfer. Prentice Hall. 

105. Yunus, A. Çengel, & Ghajar, A. J. (2014). Heat and Mass Transfer: Fundamentals and Applications. 

McGraw-Hill Education 

106. Cussler, E. L. (2009). Diffusion: Mass Transfer in Fluid Systems. Cambridge University Press., DOI: 

10.1017/CBO9780511805134 

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi
http://www.rsisinternational.org/

