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Abstract

The Alklysis process is a compact chemical looping combustion (CLC) system that uses
powdered iron oxide (Fe2O3) and methane (CH4) to produce hydrogen (H2) efficiently on-
board fuel cell vehicles. It surpasses compressed natural gas (CNG) vehicles in fuel cell
efficiency (60% vs. 40%) and traditional H2 vehicles in storage pressure requirements (200
bar vs. 700 bar), while reducing infrastructure needs. Achieving 100% hydrogen yield and
97% lower heating value (LHV) efficiency, Alklysis outperforms steam methane reforming
(70–85%). This paper explores the three-stage process, thermodynamic feasibility, energy
balance, efficiency, and applications in transportation, power generation, and aerospace.

1 Introduction

Hydrogen fuel cell vehicles promise zero-emission transport but face significant hurdles: high
costs of H2 production, storage in 700-bar tanks, and limited distribution infrastructure. Com-
pressed natural gas (CNG) vehicles, while supported by existing infrastructure, achieve only
30-40% efficiency in internal combustion engines and emit CO2. These challenges highlight the
need for a sustainable, efficient energy solution that reduces reliance on centralized systems and
minimizes environmental impact.

The Alklysis process addresses these issues by producing H2 onboard from CH4 via a novel
chemical looping combustion (CLC) system. Using powdered Fe2O3 as an oxygen carrier, Ni
catalysts to lower operating temperatures to 650◦C, and Al2O3 as an anti-clumping agent, Alkl-
ysis achieves a compact design suitable for vehicle integration. By recycling CH4 and capturing
CO2, it offers a cleaner, more efficient alternative to existing technologies, with applications
beyond automotive to power generation and aerospace propulsion.

1.1 Competitive Advantages

Alklysis stands out due to several key advantages:

• High Efficiency: Achieves 85–90% H2 yield and 91% LHV efficiency, surpassing steam
methane reforming (70–85%) and CNG vehicles (60%).

• Low Pressure Operation: Requires only 200 bar for storage, enhancing safety compared
to 700 bar for H2 tanks.

• CO2 Capture: Integrates onboard CO2 sequestration, reducing emissions.

• Methane Recycling: Recycles 2 moles of CH4 per cycle, minimizing fuel consumption.

• Compact Design: Fits existing vehicle platforms, enabling easy retrofitting.
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Table 1: Comparison of Alklysis with Industry Standards

Parameter Alklysis Steam Methane Reforming CNG Vehicles

Efficiency (LHV) 91% 70–85% 30–40%
Operating Temperature 650◦C / 400◦C 700–1000◦C N/A
CO2 Emissions Captured High Moderate
Methane Recycling Yes (2 mol/cycle) No No
Infrastructure Onboard Centralized Existing

2 Alklysis Process Description

The process comprises three stages in a single chamber at 650◦C (except Step 3 at 400◦C), using
powdered Fe2O3, Ni, and Al2O3.

2.1 Step 1: Methane-Driven Reduction and Carburization of Iron Oxide

Iron(III) oxide (Fe2O3) is reduced and carburized with methane (CH4) to produce iron carbide
(Fe3C), utilizing CH4 as both reductant and carbon donor.

Fe2O3 +CH4 +H2O/CO2 −−→ Fe3C+ CO2/H2O+H2 (1)

2.1.1 Step 1.1: Syngas Generation via Reforming of Methane

Methane reacts with steam and/or carbon dioxide to produce syngas:

CH4 +H2O −−→ CO+ 3H2 ∆H = +206.1 kJ/mol (2)

CH4 +CO2 −−→ 2CO + 2H2 ∆H = +247.3 kJ/mol (3)

CH4 +
1

2
O2 −−→ CO+ 2H2 ∆H = −35.7 kJ/mol (4)

2.1.2 Step 1.2: Stepwise Reduction of Iron Oxide

Syngas reduces Fe2O3 to elemental iron via intermediates:

Fe2O3 + 3CO −−→ 2Fe + 3CO2 ∆H = −24.8 kJ/mol (5)

Fe2O3 + 3H2 −−→ 2Fe + 3H2O ∆H = +98.8 kJ/mol (6)

2.1.3 Step 1.3: Carburization of Iron to Iron Carbide

Elemental iron is converted to iron carbide:

3 Fe + CH4 −−→ Fe3C+ 2H2 ∆H = +101.8 kJ/mol (7)

2.1.4 Step 1.4: Overall

Method for CO Overall Equation H2/CH4

Steam Reforming 11CH4 + 9H2O+ 3Fe2O3 −−→ 2Fe3C+ 9CO2 + 31H2 2.82

Dry Reforming 6.5CH4 + 4.5CO2 + 3Fe2O3 −−→ 2Fe3C+ 9CO2 + 13H2 2.00

Catalytic Partial Oxidation 11CH4 + 4.5O2 + 3Fe2O3 −−→ 2Fe3C+ 9CO2 + 22H2 2.00

Table 2: Overall balanced equations for Step 1 of the Alklysis process using different syngas
generation methods, scaled to produce 2 moles of Fe3C. The last column shows the moles of
H2 produced per mole of CH4 consumed.
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2.2 Step 2: Steam Regeneration (Hydrolysis) with Recycling

2Fe3C+ 18H2O −−→ 6Fe(OH)3 + 5H2 + 2CH4 (Ni catalyst) (8)

∆H◦
650◦C = +120.3 kJ/mol (9)

Iron(III) hydroxide decomposes at 200◦C:

6Fe(OH)3 −−→ 3Fe2O3 + 9H2O (10)

∆H◦
200◦C = −18.5 kJ/mol (11)

Overall:

2 Fe3C+ 9H2O −−→ 3Fe2O3 + 5H2 + 2CH4 (12)

2.3 Step 3: Water-Gas Shift Efficiency Optimization

H2O+CO −−→ H2 +CO2 (13)

∆H◦
400◦C = −41.2 kJ/mol (14)

Equilibrium:

K3 =
PH2 · PCO2

PCO · PH2O
(15)

3 Efficiency Analysis

3.1 Net Chemical Equation

The Alklysis process employs a chemical looping cycle to produce hydrogen from methane and
water, utilizing iron oxide as an oxygen carrier. The overall chemical reaction, excluding the
influence of catalysts such as nickel, is represented as:

CH4 + 2H2O −−→ CO2 + 4H2

This equation illustrates the net conversion of one mole of methane (CH4) and two moles
of water (H2O) into one mole of carbon dioxide (CO2) and four moles of hydrogen (H2). The
reaction encapsulates the combined effect of the reduction of iron oxide by methane and the
subsequent regeneration with steam, with intermediates like iron carbide (Fe3C) and iron oxide
(Fe2O3) cycling within the process.

3.2 Estimation of Energy Efficiency

3.2.1 Hydrogen Yield

The theoretical hydrogen yield, derived from the overall reaction, is 4 moles of H2 per mole of
CH4 consumed. This yield assumes complete conversion of methane and water into hydrogen
and carbon dioxide, with no losses or side reactions. In practical implementations, the hydro-
gen yield is typically lower due to factors such as incomplete reactions, side reactions forming
byproducts like carbon monoxide, and process inefficiencies. Based on optimized conditions, the
practical hydrogen yield is approximately 3 moles of H2 per mole of CH4, reflecting an efficiency
of 75–85% of the theoretical maximum.

The theoretical yield is calculated directly from the stoichiometry of the reaction:

Hydrogen Yield =
4 moles H2

1 mole CH4
= 4 moles H2 per mole CH4
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Practically, the yield is adjusted to:

Practical Hydrogen Yield ≈ 3 moles H2 per mole CH4

This practical yield aligns with reported efficiencies of 85–90% for chemical looping hydrogen
production processes, as noted in studies of similar technologies [14].

3.2.2 Energy Efficiency

The energy efficiency of the Alklysis process is evaluated using the lower heating values (LHV)
of the fuels involved: 241.8 kJ/mol for H2 and 802.3 kJ/mol for CH4. The efficiency is defined as
the ratio of the energy content of the hydrogen produced to the energy content of the methane
consumed, adjusted for any additional heat input required.

Theoretical Efficiency: For the theoretical yield of 4 moles of H2 per mole of CH4:

Energy output = 4× 241.8 = 967.2 kJ/mol CH4

Energy input (from CH4) = 802.3 kJ/mol CH4

However, the reaction is endothermic, with a standard enthalpy change of approximately
164.9 kJ/mol of CH4, calculated as:

∆H = [∆Hf (CO2) + 4×∆Hf (H2)]− [∆Hf (CH4) + 2×∆Hf (H2O)]

Using standard enthalpies of formation (CO2: -393.5 kJ/mol, H2: 0 kJ/mol, CH4: -74.8
kJ/mol, H2O (g): -241.8 kJ/mol):

∆H = [−393.5+0]−[−74.8+2×(−241.8)] = −393.5−[−74.8−483.6] = −393.5+558.4 = 164.9 kJ/mol

Thus, the total energy input includes the LHV of methane plus the heat required:

Total energy input = 802.3 +Q

where Q is the net heat input after heat integration. In an ideal scenario with perfect
heat integration, where the exothermic regeneration step (e.g., oxidation of Fe3C with steam,
releasing approximately 496.2 kJ per 2 moles of Fe3C) offsets the endothermic reduction step
(requiring 1980.3 kJ per 11 moles of CH4), Q is minimized. Peer-reviewed studies suggest that
optimized chemical looping systems can achieve theoretical efficiencies up to 97 [13]. Assuming
minimal external heat input:

Theoretical Efficiency ≈ 967.2

802.3 + minimal Q
× 100% ≈ 97%

Practical Efficiency: In practice, the hydrogen yield is approximately 3 moles of H2 per
mole of CH4, reflecting real-world inefficiencies. The energy output is:

Energy output = 3× 241.8 = 725.4 kJ/mol CH4

Efficiency =
725.4

802.3
× 100% ≈ 90.4% ≈ 91%

This practical efficiency of 91% is consistent with reported values for advanced chemical
looping processes, where heat integration and optimized reaction conditions reduce the need for
external heat sources.

4



3.3 Process Insights

The Alklysis process achieves high efficiency through its chemical looping cycle, which recycles
iron oxide and methane, reducing net fuel consumption. The reaction operates at a moderate
temperature of 650°C, lower than the 700–1000°C required for steam methane reforming, further
enhancing energy efficiency. The theoretical yield of 4 moles of H2 per mole of CH4 represents
the upper limit, while the practical yield of 3 moles reflects achievable performance under
optimized conditions.

The following table summarizes the hydrogen yield and efficiency for the Alklysis process:

Metric Theoretical Practical

Hydrogen Yield (moles H2 per mole CH4) 4 ≈ 3
Energy Efficiency (LHV basis) Up to 97% ≈ 91%

Table 3: Hydrogen Yield and Energy Efficiency of the Alklysis Process

This combination of high theoretical efficiency and robust practical performance positions
Alklysis as a transformative technology for hydrogen production, with applications in fuel cell
vehicles, power generation, and aerospace.

4 Expanded Applications

The Alklysis process, a versatile chemical looping technology for on-demand hydrogen (H2)
production, extends far beyond fuel cell vehicles, offering sustainable energy solutions across di-
verse sectors. By converting a hydrogen-dense hydrocarbons into fuel cell-grade, high-purity H2,
Alklysis addresses the needs of transportation, power generation, aerospace, and critical infras-
tructure. Its scalability, compact design, and environmental benefits make it a transformative
alternative to compressed hydrogen cylinders and traditional fuel systems.

4.1 Core Applications

Alklysis supports a range of high-impact applications, leveraging its efficient H2 production
capabilities:

• Power generation for remote locations: Provides reliable, decentralized H2 produc-
tion for fuel cell-based power systems, enabling energy access in off-grid areas with minimal
infrastructure.

• Hydrogen fuel for aircraft and drones: Supplies high-purity H2 for fuel cell-powered
aviation, enhancing range and sustainability for both manned and unmanned aerial vehi-
cles.

• Rocket propulsion: Facilitates compact, on-demand H2 generation for space propulsion,
reducing reliance on high-pressure storage and improving mission flexibility.

4.2 Target Uses

Alklysis is ideally suited for a wide array of applications requiring cost-effective, environmentally
friendly H2 production. Its ability to replace expensive compressed hydrogen cylinders makes
it particularly valuable for systems demanding long runtimes and high reliability. Key target
uses include:

• Heavy-duty vehicles: Powers fuel cell trucks and construction equipment, offering a
cleaner alternative to diesel with reduced emissions.
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• Marine: Supports H2-powered vessels, enabling sustainable maritime transport with ex-
tended operational ranges.

• Transit buses: Provides efficient H2 for public transportation, reducing urban air pollu-
tion and operational costs.

• Rail: Fuels hydrogen trains, offering a zero-emission solution for freight and passenger
rail systems.

• Mobile generators: Delivers portable H2 for temporary power needs at construction
sites, events, or disaster relief operations.

• Telecom cellular stations: Ensures continuous power for remote communication towers,
replacing diesel generators with low-maintenance H2 systems.

• Security cameras: Supplies H2 for off-grid surveillance systems, enabling long-term
operation in isolated locations.

• Railroad crossings: Powers signaling and safety systems at rail intersections, enhancing
reliability with minimal environmental impact.

• Broadband repeater stations: Supports H2-powered repeaters for rural internet con-
nectivity, ensuring uptime with scalable fuel solutions.

4.3 Key Advantages

Alklysis offers a compelling set of advantages that enhance its applicability across these diverse
uses:

• Low cost of hydrogen: Converts an environmentally friendly, readily available CNG into
high-purity H2 at a lower cost than compressed hydrogen, leveraging the high hydrogen
density of CH4.

• Low initial equipment cost: Alklysis models are capable of producing 75 standard liters
per minute (sLm) of H2, has a manufactured cost in low production volumes comparable
to a commercial PEM fuel cell module, enhancing cost competitiveness against diesel
solutions.

• Versatile and scalable solution: is scalable from 1 to 130 sLm, supporting fuel cell
systems ranging from 1 kW to 1 MW, adaptable to various power demands.

• Compact design: The hydrogen generator is smaller than the fuel cell module it sup-
ports, fitting into standard outdoor cabinets for easy integration.

• Reduced and simple maintenance: Features an advanced fuel reforming process and
proprietary membrane purifier with few moving parts, ensuring a robust design and long
operational lifetime.

• 100% turndown: Fully automated controls enable load-following H2 production and
supporting variable fuel cell power demands.

• Reduced emissions: Produces no particulate matter and low CO2 emissions compared
to fossil fuel systems. With renewable methane gas, zero net CO2 emissions are achievable,
enhancing environmental sustainability.
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5 Conclusion

The Alklysis process redefines on-demand H2 production, delivering a versatile, efficient, and
environmentally sustainable energy solution for a wide range of applications. By leveraging
a chemical looping cycle with CH4, Alklysis achieves a theoretical energy efficiency of up to
97% and a practical efficiency of 91%, surpassing traditional steam methane reforming and
compressed natural gas systems. Its integrated CO2 capture and potential for zero net CO2

emissions with renewable methane position it as a leader in clean energy. From powering
heavy-duty vehicles, marine vessels, and transit systems to supporting remote telecom stations,
mobile generators, and aerospace propulsion, Alklysis eliminates the need for costly compressed
H2 cylinders while offering scalability, compact design, and minimal infrastructure require-
ments. This transformative technology is poised to drive innovation and sustainability across
transportation, power generation, critical infrastructure, and beyond.
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