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Abstract - Iron powder combustion presents a promising 

green energy alternative, relying on millions of tiny 

microreactors that burn in a fundamentally different way 

than conventional fuels. To fully harness this potential, a 

deeper understanding of the combustion process at the 

level of individual iron particles is crucial. Our research 

uncovers new insights into the mechanisms driving iron 

powder combustion, revealing that while oxygen transport 

is a key factor, unexpected mass loss occurs through 

vaporization, even at temperatures below the boiling point. 

This finding challenges previous assumptions about iron's 

zero-emission potential and expands the possibilities for 

sustainable energy. 
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I. INTRODUCTION 

Today, 80% of global energy consumption is still reliant 

on fossil fuels, driving both climate change and geopolitical 

tensions. There is widespread agreement that a shift toward 

renewable energy sources—such as hydro, solar, wind, and 

geothermal—is essential for a sustainable future. 

  

Figure 1: Advantages of iron 

However, these renewable options face challenges like 

production variability, seasonal imbalances, and geographic 

constraints, complicating energy storage and transportation. 

To overcome these issues, we need cost effective, green 

energy carriers. Among alternatives such as ammonia, 

hydrogen, batteries, and metal powders, iron powder stands 

out as a promising solution. It is carbon free, recyclable, 

compact, cost-competitive, and abundantly available. The 

Metal-enabled Cycle of Renewable Energy proposes the use 

of iron for the sustainable long-distance transport and long-

term storage of clean energy (Figure 1). 

II. STORAGE OF SUSTAINABLE ENERGY 

As the world transitions to renewable energy sources like 

solar and wind, the demand for temporary energy storage has 

surged. However, large-scale battery storage is prohibitively 

expensive, and hydrogen storage requires vast volumes. 

Metals, by contrast, offer significantly higher energy density 

than hydrogen, making them more compact and easier to 

transport as an energy carrier. 

A key advantage of metal fuels is their reusability. The 

metal powder only needs to be produced once, and it can 

undergo a circular process. No CO2 is emitted during 

combustion—only rust remains, which can then be converted 

back into metal fuel using hydrogen. This cycle can be 

repeated indefinitely. During combustion, energy is released in 

the form of heat, which can be utilized as steam in industrial 

processes or to drive a turbine. This is especially valuable for 

companies requiring 1 to 10 MW of high-temperature heat. 

The maritime sector is another promising area, where metal 

fuels could contribute to a significant reduction in pollutant 

emissions. 

However, scaling up isn't as simple as just building 

something. It requires systems that not only have stable 

combustion but also operate as efficiently as possible—

something that proves to be quite challenging. In fact, our 

understanding of this process remains limited, as illustrated in 

Figure 2. 

 

Figure 2: These two flames highlight the complexity of metal powder 

combustion. On the left is a flame from burning methane, while on the 
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right is a flame from burning iron powder. The methane flame is 

homogeneous with a well-defined flame border, whereas the iron powder 

flame is highly heterogeneous and exhibits significant turbulence 

III. SELF-SUSTAINED MICRO-REACTOR 

Iron powder, typically ranging from 10 to 100 

micrometres in size, has the potential to be combusted in 

existing coal-fired power stations with minimal modifications. 

The resulting iron oxide can be captured and reduced back to 

iron powder using renewable energy, whenever and wherever 

it's available. 

This iron powder can then be transported back to power 

and heat generation facilities, completing the sustainable 

energy cycle. However, key questions remain: How does an 

iron powder flame behave? How can it be stabilized? And 

what about the potential for unwanted emissions (Figure 2)? 

To answer these questions, we need to understand and 

predict the combustion process at the level of individual 

particles. Combusting iron powder involves millions of 

particles, creating a process that differs significantly from 

conventional gaseous or coal combustion. In iron powder 

combustion, each iron particle remains in the condensed 

phase, acting as a self-sustained micro-reactor that consumes 

oxygen and releases heat. Therefore, to fully understand the 

process, it is crucial to examine the combustion behaviour of 

these individual iron particles. 

  

Figure 3: Experimental setup 

IV. METHOD 

This process must be approached in three steps, at three 

different levels. First, we need to understand how a single 

particle combusts. As the particle heats up, it melts, ignites, 

and reacts with oxygen, forming a variety of metal-oxygen 

combinations. In the case of iron, this results in different iron 

oxides, such as Fe₃O₄ and Fe₂O₃. Additionally, it's crucial to 

fine-tune the conditions to prevent the particles from 

vaporizing, as this would release nanoparticle rust, which 

cannot be captured and is therefore lost. To optimize this 

process, we are using models to simulate and refine the 

combustion behavior of iron powder. 

V. IRON-BASED HYDROGEN STORAGE 

This solution provides an alternative method for safely 

storing hydrogen. In the so-called steam iron process, steam 

reacts with iron to initiate oxidation, producing both hydrogen 

and rust. The hydrogen can then be separated from the 

remaining steam and used for various applications. The rust 

generated in this process can be regenerated through 

carbothermal reduction, sustainable electrothermal reduction, 

or by adding green hydrogen again. This creates a circular 

system for hydrogen storage (Figure 4). 

  

Figure 4: Circular system 

VI. DISCUSSION 

Iron powder combustion is a fascinating area of study, 

particularly in the context of energy release and industrial 

applications. The potential of iron powder combustion is 

linked to its energy density, reaction kinetics, and the specific 

conditions under which combustion occurs. Here’s a 

breakdown of the potential: 

1. Energy Release (Calorific Value) 

Iron powder, when combusted, reacts with oxygen to 

form iron oxide (rust), releasing energy in the process. The 

chemical reaction for the combustion of iron powder can be 

simplified as: 

Fe + O2 -> Fe2O3 

The enthalpy change (ΔH) for this reaction is about −824 

kJ/mol, meaning that per mole of iron combusted, 

approximately 824 kJ of energy is released. This value is fairly 
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high compared to other common combustion reactions, though 

the total energy released depends on factors like particle size, 

oxygen availability, and the specific form of iron used. 

 Energy Density: The energy density of iron powder is 

generally in the range of 25 to 30 MJ/kg when completely 

oxidized. While this is lower than other fuels like 

hydrocarbons (e.g., gasoline with about 44 MJ/kg), iron 

powder has certain advantages in terms of safety and 

sustainability [1]. 

2. Thermal Management in Combustion 

Iron powder combustion can reach extremely high 

temperatures [2]. Because iron is a metal, it burns at 

temperatures far higher than organic materials, potentially 

exceeding 2000°C. These high temperatures make it useful in 

applications such as: 

 Advanced propulsion systems: Like those used in solid 

rocket boosters or advanced propulsion technologies, 

where intense heat is necessary. 

 Thermal energy storage: Iron combustion can be harnessed 

in high-temperature thermal storage systems for 

concentrated solar power (CSP) or for energy storage and 

release in industrial applications. 

3. Potential for Clean Energy 

While combustion of iron powder generates heat, it does 

not produce harmful CO₂ emissions because the product of 

combustion is solid iron oxide, not gases like CO₂ or NOx, 

which are common pollutants in traditional fossil fuel 

combustion. This could make iron powder combustion a 

promising alternative for clean energy systems [3]. 

 Sustainable energy cycles: Iron powder can be used in 

conjunction with a reduction reaction (such as using 

hydrogen gas to reduce iron oxide back to metallic iron), 

forming a closed-loop energy cycle. The process could 

potentially be a carbon-neutral system, as no CO₂ is 

released if the reduction step uses green hydrogen. 

4. Applications in Energy Generation and Propulsion 

Iron powder combustion is also being explored for 

various specialized applications: 

 Iron-Air Batteries: The reaction of iron and oxygen is 

fundamental to iron-air battery technology, where iron acts 

as the anode and oxygen from the air serves as the cathode. 

This could provide a low-cost, long-duration energy 

storage solution. 

 Exothermic Reactions for Metal Cutting/Welding: High 

temperature combustion of iron powders could be applied 

to metal cutting, welding, or other industrial processes 

where concentrated heat is needed [4]. 

 Rocketry & Propulsion: Iron powder combustion is 

considered for solid rocket propellants due to the 

extremely high temperatures it can generate. This could be 

useful in specialized rocket systems or high performance 

engines. 

5. Safety and Challenges 

While iron powder combustion offers many potential 

benefits, there are challenges [5]: 

 Handling and storage: Iron powder is flammable under 

certain conditions, and the handling of finely powdered 

metals can be hazardous (potential for dust explosions). 

 Reaction control: Achieving efficient combustion of iron 

powder requires precise control over conditions like 

temperature, oxygen availability, and particle size. Without 

these controls, incomplete combustion or suboptimal 

energy release can occur. 

6. Innovative Use Cases 

Research into the use of iron powder combustion has 

expanded into other innovative applications: 

 Iron powder for industrial heat generation: Large-scale 

systems could use iron powder to generate industrial heat, 

replacing fossil fuels in certain industries. 

 Hybrid systems: Combining iron powder combustion with 

other renewable sources (e.g., solar, wind) to produce 

hybrid energy systems that can ensure stable and 

continuous power supply without fossil fuel dependency 

[6]. 

VII. CONCLUSION 

Iron powder combustion holds significant potential, 

especially for applications in clean energy generation, thermal 

storage, and advanced propulsion. Its ability to generate high 

temperatures with minimal environmental impact, coupled 

with the potential for closed-loop energy systems, makes it an 

exciting area for future research and industrial development. 

However, challenges related to handling and optimizing the 

combustion process must be addressed for it to reach its full 

potential. 
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