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The global push to keep global warming to less than 1.5 °C, will require us to quickly adopt zero-emission
energy carriers. Hydrogen, a versatile energy vector, is pivotal in this transition, especially for sectors that are
challenging to electrify. Methane pyrolysis is emerging as a promising route for producing hydrogen with
minimal greenhouse gas emissions. In this review, we provide a comprehensive overview of methane
pyrolysis, and explore its potential to contribute to a net-zero future. Current hydrogen production methods,
including steam methane reforming and water electrolysis, are also discussed in terms of efficiency,
emissions, and costs for comparison with methane pyrolysis. The review then delves into the various
technologies under development for methane pyrolysis, categorizing them into catalytic and non-catalytic
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routes. Key aspects such as reactor design, catalyst performance, and economic viability are critically
examined. We also analyze the importance of the carbon co-product produced in the process, and its

DOI: 10.1039/d4ee06191h market potential. Finally, by evaluating industrial activities around methane pyrolysis, this paper underscores

its role in the global energy transition, emphasizing the requirements to overcome current challenges and

rsc.li/ees achieve large-scale deployment.

Broader context

Methane pyrolysis offers a promising pathway to produce hydrogen, a clean energy carrier, without direct carbon dioxide emissions, aligning with global efforts
to achieve net-zero greenhouse gas emissions. This method generates ‘“turquoise” hydrogen while producing solid carbon as a by-product. Thus, advancing this
technology could significantly reduce the environmental footprint of hydrogen production, currently dominated by carbon-intensive processes, and promote
exploration into the efficient utilization and storage of solid carbon by-products. Moreover, the development of this technology will stimulate interdisciplinary
research among academia, industry, and government to scale up and commercialize this promising technology, accelerating the global shift towards
sustainable energy solutions. In this article, we present a comprehensive review of all aspects of methane pyrolysis, including reaction mechanisms, catalyst &
technology development, reactor designs, carbon products, process economics, greenhouse gas emissions, and scale up activities. Finally, we outline future
research directions, policy needs, and investment opportunities that could support the wider adoption of this technology.

1. Introduction

To limit the increase in global warming to less than 1.5 °C,
many nations have pledged to achieve net-zero greenhouse
gas (GHG) emissions by 2050." The extraction, refinement,
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distribution, and combustion of fossil fuels account for over
70% of global GHG emissions,> a major effort is required to
transition to lower-carbon alternatives such as electricity,
hydrogen, and biofuels.

In the transition to net-zero emissions, the electrification of
end-use energy demand presents a notable advantage owing to
its higher system efficiencies and the pre-existence of much
of the value chain infrastructure (e.g., electrical grid) and
conversion technologies (e.g., heaters, heat pumps, motors,
electric cars). Nonetheless, certain sectors pose challenges in
electrification, particularly those designated as hard-to-abate,
such as heavy industry (e.g., iron/steel, chemicals), space heat-
ing in cold climates, and heavy-duty transport. In such
instances, hydrogen emerges as the preferred zero-emission
fuel.?
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Fig. 1 Potential role of hydrogen in a net-zero future: the figure shows the required hydrogen value chains to support traditional demand as chemical
feedstock and emerging fuel demand for heavy-duty vehicles, heat & power, heavy industry, and export.

At present, globally we generate more than 75 million tonnes
of pure hydrogen per year and an additional 45 million tonnes
per year as a gaseous mixture,”” utilized as an industrial
feedstock for bitumen upgrading, oil refining, ammonia pro-
duction, and the synthesis of various chemicals. The predomi-
nant method for producing this hydrogen involves natural gas
reforming, a process that releases carbon dioxide (CO,) into the
atmosphere as a greenhouse gas (GHG) byproduct. This result-
ing hydrogen, often termed ‘gray’ hydrogen, is linked with
emissions averaging between 9 to 10 kilograms of CO, per
kilogram of hydrogen (kgco, kgwu, '), alongside an additional
1.5 to 2 kilograms of CO, equivalent per kilogram of hydrogen
(kgco,eq. PET kgy,) attributed to the retrieval and upgrading of
the natural gas.’

Transitioning to a net-zero energy system where hydrogen is
used as a clean fuel (as depicted in Fig. 1) will require the
production of hydrogen with minimal or no GHG emissions
and the creation of new value chains that make hydrogen
available at a reasonable cost at widely distributed locations.
One strategy involves the centralized production of low-GHG
hydrogen via the production of ‘blue’ hydrogen, where the by-
product carbon dioxide from natural gas reforming is captured
and sequestered underground. Jurisdictions which possess
extensive fossil fuel resources and porous rock formations
suitable for permanent CO, storage can make ‘blue’ hydrogen.
With low cost natural gas (<4 $ per GJ), centralized production
using steam methane reforming (SMR) can lead to low hydro-
gen production costs (<2 $ per kgHz).7 However, processing
and delivery of low-density hydrogen is complex and costly, in
particular when the demand is low, adding ~3-5 $ per kgy, to
production costs.” The hydrogen transportation costs can be
reduced through large-scale pipeline operations. Nonetheless,
it will take significant capital investment (billions of $)
and many years to build long-distance transmission pipelines
for delivering pure hydrogen at scale and at a competitive
cost. Moreover, there are numerous remote locations that
are far away from centralized hydrogen production sites where
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the demand is insufficient to justify the construction of a
pipeline.

Alternatively, one could design fuel hydrogen value chains
around distributed production. Low-carbon ‘green’ hydrogen
can be produced in a distributed manner from water electro-
lysis powered by low-carbon electricity. The production costs
of green hydrogen from water electrolysis are influenced
by various technical and economic factors, including the
capital cost (CAPEX) of the electrolyzer, its conversion efficiency
(kW h kg ~'), electricity costs, and annual operating hours.
There are numerous studies published in the literature, that
demonstrate the challenge for economically viable green hydro-
gen production is its need for near-continuous access (ideally
6000+ h per year) to low-cost (<30 $ per MW h), low-carbon
electricity.” A key consideration is not just the expense and
carbon intensity of clean electricity, but also its availability in
substantial amounts as producing 1 kg of H, requires approxi-
mately 42-55 KW h of electrical energy.®

In the past decade, distributed hydrogen production via
methane pyrolysis has come into the limelight, as an attractive
technology that could have far-reaching implications.® Numer-
ous companies around the world are pursuing the development
of this technology. This process decomposes methane into its
elemental components, hydrogen, and solid carbon (CH, —
C + 2H,). The carbon is not combusted within this process, so
neither a CO, separation step nor its subsequent storage is
needed, and the hydrogen produced is often referred to as
‘turquoise’ hydrogen. The solid carbon (e.g. carbon black) can
be used to produce rubber tires or paints, used as a soil
amendment, or permanently stored (e.g., landfill) in a location
where it will not be oxidized to CO,. There is also interest in
using carbon black to make carbon fiber, graphite, graphene,
or a form of carbon that will store electricity.

Methane pyrolysis technologies to produce ‘turquoise’
hydrogen could be deployed anywhere with access to a natural
gas supply, making the requirement for CCS capabilities unne-
cessary. This technology is attractive for all regions that have

This journal is © The Royal Society of Chemistry 2025
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natural gas pipelines, making it possible to produce hydrogen
where and when it is needed, therefore avoiding the high costs
associated with delivery and storage of hydrogen. This could
rapidly expand the availability of fuel hydrogen for transporta-
tion, building, or heat and power markets by utilizing the
existing natural gas infrastructure. However, this technology
possesses a low technology readiness level (TRL) since it is
mainly in the R&D phase. Current research is spread across
understanding reaction mechanisms, optimizing heat source,
reactor design, and catalyst performance.

In this paper we provide a comprehensive review on
methane pyrolysis, exploring its potential to contribute to a
net-zero future. A significant focus is placed on methane
pyrolysis as a complementary technology bridging steam
methane reforming (SMR) and water electrolysis (Section 2).
By systematically comparing process design, efficiencies, CO,
emissions, and cost of hydrogen production from these meth-
ods, this review presents a nuanced perspective on how
methane pyrolysis can fulfill hydrogen demand in an econom-
ically viable and sustainable manner until electrolysis becomes
more accessible.

Thereafter, an in-depth assessment of various pyrolysis
methods (Section 3), including solid catalysts, molten metals,
molten salts and alloys, plasma, thermal, and microwave-
assisted processes. The different technologies are classified
into catalytic and non-catalytic routes and discussed in detail.
Catalytic pyrolysis is discussed with a focus on the selection of
catalysts, their lifetime, and the technical challenges such as
deactivation due to coking. Non-catalytic pyrolysis is explored
in terms of its temperature requirements and its potential to
produce a wider range of by-products.

In Section 4, the production of different forms of carbon co-
products, and their market opportunities in advancing a circu-
lar economy are discussed. In Section 5, a thorough analysis
of the technoeconomic aspects of methane pyrolysis
across various scales is presented, identifying key barriers to
commercial deployment. In Sections 6 and 7, we review current
state of commercialization, highlighting advancement from
pilot projects to industrial applications, and government
policies, investments, and support mechanisms for hydrogen
production and utilization in North America, which could
potentially be applicable to the deployment of methane
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pyrolysis technologies. Finally, in the conclusion we map out
future research directions, policy needs, and investment
opportunities.

To the best of our knowledge, this is the first review to
comprehensively address the diverse approaches to methane
pyrolysis, advancing the understanding of pyrolysis technolo-
gies while identifying critical gaps in policy, commercialization,
and investment strategies to enable its deployment.

2. Current hydrogen production and
storage

2.1. Natural gas reforming

The primary method for hydrogen production worldwide has
been natural gas reforming, constituting approximately 75% of
the annual global hydrogen production of 70 million tonnes."®
This process consumes around 205 billion cubic meters of
natural gas, equivalent to 6% of global natural gas usage, and
results in the release of over 700 million tonnes of CO,
annually."* Key players in the merchant hydrogen production
sector include companies such as Air Liquide, Linde/Praxair,
and Air Products.

When natural gas reforming is coupled to carbon capture
and utilization/storage (CCUS), the product is called ‘blue’
hydrogen. The two major technologies for blue hydrogen
production are steam methane reforming (SMR) with CCS
and auto-thermal reforming (ATR) with CCS. Table 1 presents
a summary of the findings from a literature review of operating
and planned hydrogen production facilities with CCUS."* Cur-
rently, only a few hydrogen production facilities are equipped
with CO, capture (mostly with less than 90% capture rate) but
several new projects are in development with much higher
capture rates (>90%).

Herein, we provide an overview of the SMR integrated with
CCS process. For more in-depth information, readers are
directed to the National Energy Technology Laboratory (NETL)
report."> A SMR plant is typically designed to be supplied by
pipelined natural gas at a pressure of 31 bar and a temperature
of 15 °C (Fig. 2). The natural gas is treated in a sulfur polishing
unit to remove the mercaptan additive using a zinc oxide sulfur
guard bed. A pre-reformer is utilized to reform the C,, hydro-

Table 1 Hydrogen production plants with CCS (operating and planned). Source: adapted from ref. 12

Hydrogen production CO, capture

Condition Plant/project name Location (kN m’h™) Technology rate (%)
Operating Air Products Port Arthur USA 220 SMR 60
Air Liquide Port Jerome France 50 SMR 60
Shell Quest Canada 210 SMR 50
Announced/under H-Vision Netherlands 700 ATR 88
development HyNet United Kingdom 100 ATR 97.2
H21 United Kingdom 3200 from 9 units ATR 94.2
Acorn Scotland 53 ATR 98.7
H, Teesside United Kingdom 275 TBD 98
Air Products Alberta Canada >695 ATR 95
Air Products Louisiana USA >837 ATR/partial oxidation 95

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Block flow diagram of a Steam Methane Reforming Plant with CO, capture. Source: adapted from reference (DOE Public Access).*?

carbons, reducing carbon deposition on the downstream
catalyst, enhancing carbon capture ability, and improving
product recovery.

The partially reformed gas and steam from the pre-reformer
undergo further reforming in the primary reformer using a
nickel-based catalyst at high temperatures (700-900 °C) and
pressures 2-3 MPa. The reforming reaction is strongly
endothermic, with energy supplied by firing the reformer on
the outside of the catalyst tubes with recycled syngas from the
downstream hydrogen purification process plus supplemental
natural gas. The SMR unit is also equipped with an integrated
heat recovery unit, enabling the convective heat recovery from
the reformer flue gas. This is used to supply heat to various
sections of the plant, improving plant efficiency and minimiz-
ing the requirement to burn natural gas. Lastly, a water gas
shift reactor (WGSR) is used to react the synthesis gas (CO and
H,) to form CO, and hydrogen-rich syngas, to maximize hydro-
gen yield and CO, separation. The overall following reaction is
as follows:

CH4(g) + 2H20( — C02 + 4H2
(R1)
AH = 63.4 kJ moly,

In SMR + CCS plants, methyl diethanolamine (MDEA) is
typically used for CO, capture. CO, is extracted from the WGSR
syngas using circulating lean amine, with rich amine regener-
ated in a stripper column via a steam boiler, adding a signifi-
cant steam load compared to SMR-only plants. Unlike a gray
hydrogen production plant, the SMR + CCS plant uses all the
steam generated within the plant due to additional demands of
the acid gas removal (AGR) units. If the CO, were only captured
from the shifted syngas stream, the overall CO, recovery would
be about 62%. To boost the overall carbon recovery over 90%, a
second CO, removal process based upon the Cansolv system is
utilized in the reformer heater stack to remove CO, resulting
from fuel gas combustion. The Cansolv solvent is optimized for
low CO, content environments, enhancing recovery. Further
details on the Cansolv system can be found in the NETL
report."”” The majority of SMR plants produce between 100

2750 | Energy Environ. Sci., 2025, 18, 2747-2790

and 200 million standard cubic feet hydrogen per day
(MMSCFD), equivalent to between ~236 and 472 ty per
day."

2.2. Water electrolysis

Another way to produce hydrogen is via water electrolysis.
Water electrolysis is an electrochemical process that splits
water into hydrogen and oxygen, requiring 9 kg of water to
make 1 kg of hydrogen. The overall following reaction is as
follows:
2H20() — 2H2 + 02
(R2)
AH = 2858 kJ molH2_1

Less than 0.1% of global hydrogen production comes from
water electrolysis today,"" and the hydrogen produced is mostly
used in markets where high-purity hydrogen is required (for
example, electronics and polysilicon). With the reduction in
costs for low-GHG renewable electricity from solar PV and wind,
interest in electrolytic hydrogen is growing and there have been
several demonstration projects in recent years.

Presently, the two commercial electrolyzer technologies are
alkaline electrolysis and proton exchange membrane (PEM)
systems. Alkaline electrolysis, established since the 1920s, has
been widely used for hydrogen production in industries like
fertilizers and chlorine.'* While electrolyzers up to 165 MW
were built in the 20th century, most were decommissioned
during the 1970s when steam methane reforming (SMR)
became dominant. Alkaline electrolyzers are distinguished by
their lower capital costs compared to PEM systems, primarily
due to the absence of precious metal catalysts.'*'*

While alkaline electrolysis systems exhibit high overall
efficiencies (approximately 55-70% based on lower heating
value, LHV), their low current density (<0.45 A ecm ?) and
operating pressures (<30 bar) have a negative impact on
system size and hydrogen production costs.> Additionally,
their limited dynamic operation range (25-100% of nominal
load) can reduce efficiency and gas purity during frequent start-
ups or with variable power input.*®

This journal is © The Royal Society of Chemistry 2025
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PEM water electrolysis originated in the early 1950s with
pioneering work by Grubb and further development led by
General Electric Co. in the 1960s.'' PEM systems use pure
water as the electrolyte, eliminating the need to recover and
recycle corrosive potassium hydroxide. They are favored for
their compact design, high efficiency (52-69% LHV) at high
current density (1-2 A cm™?), rapid response, dynamic opera-
tion (0-160% of nominal load), low operating temperatures
(20-80 °C), and ability to produce ultrapure hydrogen at high
pressures of 30-80 bar.'*'®'” Recent cost reductions in PEM
stacks position it as the leading technology for sustainable
hydrogen production by 2030.""'*

A large-scale PEM electrolysis plant comprises electrolyzer
stacks and mechanical and electrical balance of plant (BoP)
components, depicted in Fig. 3. The mechanical BoP includes
auxiliary components such as water purification systems, deio-
nizers, pumps, heat exchangers, and the temperature swing
adsorption (TSA) system. One critical requirement of PEM
water electrolysis is the necessity for high purity water, with
ASTM Type II deionized (DI) water (resistivity >1 MQ cm) as a
minimum standard, and ASTM Type I DI water (>10 MQ cm)
preferred."® Such high-purity water can be produced through
using technologies like reverse osmosis (RO), multi-stage flash
distillation (MSF), electrodialysis (ED), or multiple-effect dis-
tillation (MED), often supplemented with ion exchange or
electrodeionization (EDI). Knockout pots or liquid-vapor
separators ensure hydrogen and oxygen purity above 99.9%."°
The electrical BoP encompasses the AC to DC rectifier, control
systems, sensors, circuit breakers, and other components.

Currently, large-scale water electrolysis plants are either
operational or in the process of being commissioned, with
capacities reaching up to 20 MW. Notably, several multi-
megawatt PEM electrolyzer plants are planned under European
initiatives such as Haeolus (Hydrogenics; 2.5 MW), H2Future
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(6 MW), and REFHYNE (ITM; 10 MW initially, scaling up to
100 MW in phase 2). Additionally, as of January 2021, a 20 MW
PEM electrolyzer (manufactured by Hydrogenics) has been
commissioned in Canada.>’ In the period spanning from
2020 to 2025, numerous planned projects are awaiting final
financing decisions, with capacities ranging from 50 MW to
over 250 MW.

2.3. Current hydrogen production costs

There have been various studies published on the technoeco-
nomic analysis (TEA) of gray or blue hydrogen production.**?*
The most comprehensive process description and TEA using
SMR or SMR + CCS was presented in the NETL report men-
tioned earlier.'* However, the costs presented in this report
were for a fixed large size plant producing 434 ty, per day.

Various studies have offered scaling factors for the Steam
Methane Reforming (SMR) process to estimate scaling costs.
Yang and Ogden utilized a scaling factor (f; eqn (1)) of 0.70
concerning the “capital cost of SMR plants’’, which was depen-
dent on hydrogen production capacity.>* Jiang applied scaling
factors of 0.67 for the pre-reformer and main reformer units,
and 0.55 for the PSA unit.>®> Meanwhile, Hamelinck employed
scaling factors of 0.60 for reformer units, 0.85 for water gas
shift unit, and 0.70 for the PSA unit in their analyses.*®

(1)

costy  (production rate; !
cost;  \production rate;

The most comprehensive approach was introduced by Elni-
goumi et al.”” where the capital cost estimate of SMR plants was
based on information from previously constructed plants
which are then adjusted using appropriate cost indices to
account for inflation. Using the methodology presented by
Elnigoumi et al,”” the plant costs in 2020 US$ for SMR and
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Fig. 3 Block flow diagram of PEM water electrolysis plant. Source: adapted from reference (DOE Public Access).2°
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SMR + CCS plants as function of production capacity (kgy, per
day) is shown in Fig. 4(a). The economies of scale using this
approach (0.73-0.74) is consistent with other literature sources
as well. In addition to the capital costs, the annual operating
costs (OPEX) for a SMR or SMR + CCS plant consists of the raw
materials costs (chemicals, catalysts, PSA adsorbent), feedstock
costs (natural gas), utility costs (cooling water, electricity), and
annual operation and maintenance costs (labor, maintenance,
insurance, taxes).

Similarly, there have been various TEA studies on the cost of
green hydrogen production via PEM water electrolysis. The
hydrogen production costs of PEM water electrolysis are deter-
mined by various technical and economic factors, including the
capital cost (CAPEX) of the electrolyzer, its conversion efficiency
(kW h kgy, '), electricity costs, and annual operating hours.*®
The most comprehensive capital costs (CAPEX) model that
includes the impact of electrolyzer size and technology was
published by Reksten et al.?® These costs are based on (i)
detailed bottom-up cost estimates or (ii) based on quotes/
inquiries from electrolyzer manufacturers. The resulting plant
cost (in $ per kW) for PEM electrolyzers is shown in Fig. 4(b)
and was based on the following co-relation (eqn (2)):

-t

where, C is the electrolyzer plant cost per kW, k, and k are
fitting constants, Q is the electrolyzer plant capacity and V and
V, are plant installation year and reference year, respectively. o
and f are fitting constants and usually referred to as a scaling
factor and learning factor, respectively. For PEM electrolyzers,
o =0.622, f = —158.9, k = 9458.2, k, = 585.85 and V,, = 2020.?° In
addition to the capital costs, the OPEX for a PEM electrolysis
plant consists of the electricity costs for the stack and balance
of the plant, stack replacement costs, water costs, and annual
operation and maintenance costs (labor, maintenance, insur-
ance, taxes).

Using the technoeconomic parameters summarized in
Table 2, the levelized cost of hydrogen (LCOH) for both blue
and green hydrogen was calculated. Fig. 5(a) shows the

(2)
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Table 2 Technoeconomic parameters used for SMR + CCS and PEM
electrolysis plants

Techno-economic parameter SMR + CCS PEM electrolysis
CO, capture rate (%) 96 —

Capacity factor (%) 90 11.4-91.3
Electricity price ($ per kW h) 0.07 0.02-0.09
Natural gas price ($ per GJ) 2-9 —

Discount rate (%) 10 10

Plant lifetime (years) 20 20

Taxes (%) 35 35

Contingency (%) 15 20

Working capital (%) 15 15

levelized cost of blue hydrogen production from a SMR + CCS
plant as a function of plant size (100-800 ty, per day) and
natural gas price (2-9 $$ per GJ). These costs exclude the cost of
CO, transport and sequestration. The cost of CO, storage in a
deep saline formation will vary depending on the geological
formation. The CO, storage costs were estimated using the
NETL CO, storage cost model ranges between 11-26 CS$$ per
tco2.3° Depending on natural gas price and plant size, the cost
of blue hydrogen production from a SMR + CCS plant will vary
between 1.2-3 $$ per kgy,. The key driver to the cost of blue
hydrogen production is the price of natural gas due to the high
consumption at ~0.196 GJng kgHZ_l. The natural gas feedstock
contributes between 40-60% of total costs but given the high
thermal efficiency (~69%) and mature technology, the cost of
blue hydrogen with SMR + CCS is <3 $$ per kgy , even with a
high natural gas price of >8 $ per GJ.

On the other hand, the cost of green hydrogen is signifi-
cantly influenced by the price of low-carbon electricity and
annual operating hours which are dictated by the capacity
factor of the electricity source. Fig. 5(b) shows the levelized
cost of green hydrogen from the PEM electrolysis plant as a
function of annual operating hours (1000-8000 hours per year)
and electricity price (20-80 $ per MW h). Currently, at any
reasonable electricity price (~40-70 $ per MW h) and annual
operating hours (4000-6000 h per year), green hydrogen will be
expensive at 5-7 $ per kgy . Today, the production of low-cost

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Levelized cost of blue hydrogen ($ per kgw,) produced via SMR + CCS as a function of natural gas price ($ per GJ) and plant size (ty, per day).
(b) Levelized cost of green hydrogen (S per kgHz) produced via PEM electrolysis as a function of electricity price (5 per MW h) and annual operating hours

(hours per year).

green hydrogen (<3 $ per kgy,), will need extremely cheap
electricity (<30 $ per MW h) with high-capacity factors
(>80%).

Future cost projections will be influenced by technology
development. Experts predict that R&D investments aimed at
developing low-cost electrodes and membranes, system level
optimization, and economies of scale in the manufacturing
processes will lead to significant CAPEX reductions for PEM
electrolyzers. However, given that electricity costs account for
more than 70% of the cost of producing green hydrogen, and
only 20-25% of the cost is due to capital costs, green hydrogen
production will always need extremely cheap electricity to drive
economic feasibility.

2.4. Current hydrogen storage methods

Methane pyrolysis offers a promising solution to the challenges
of large-scale hydrogen storage by facilitating on-demand, on-
site hydrogen production. Before evaluating the technologies

This journal is © The Royal Society of Chemistry 2025

for methane pyrolysis, it is important to address the challenges
of hydrogen storage to appreciate the benefits of such on-site
production technologies. This section provides a brief overview
of the thermodynamic and material challenges for hydrogen
storage. For a comprehensive assessment, the readers are
encouraged to refer to previously published articles.®'*
Hydrogen, the smallest and lightest molecule, has a very low
gaseous density (0.082 kg m™® at 1 atm, 0 °C), requiring
advanced storage technologies to achieve energy densities
comparable to fossil fuels.>® For example, 1 liter of hydrogen
at 0 °C and 1 atm contains only 0.01 M]J of energy, compared to
33.3 MJ for 1 liter of gasoline at 15 °C and 1 atm. Storage
technologies depicted in Fig. 6 can be broadly categorized into
two main categories: (1) physical storage of pure hydrogen
(liquid, compressed, and cryo-compressed hydrogen), and (2)
material-assisted routes for solid-state hydrogen storage.**
Physical storage of hydrogen via compression or liquefac-
tion is the currently the most mature technology but requires
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Fig. 6 Different hydrogen storage methods. Adapted from ref. 34 with
permission from the Elsevier, copyright 2022.

significant energy. Hydrogen compression stores gas in above-
ground tanks or underground geological structures.’’ The
energy required for compression primarily depends on the
molar flow rate and the compressibility factor (Z) of the gas.
Hydrogen’s low molar energy density (~0.066 kW h per mole
vs. ~0.248 kW h per mole for natural gas) is a disadvantage.
Along Moreover, a deviation from the ideal gas law, leads to a
higher Z value for hydrogen below 600 bar compared to gases
like CH,, O,, and CO,.***° For example, when compressed from
1 bar to 700 bar, hydrogen’s density increases only 477-fold
(from 0.0898 to 42.9 kg m>), leading to higher compression
energy requirements due to the direct influence of Z. The
theoretical minimum energy for isothermal compression from
20 to 700 bar at 20 °C is 1.35 kW h kg, ~'."* However,
due to compressor inefficiencies, energy consumption for
hydrogen compression typically ranges between 2.9 and
3.1 kW h kgyy, 1%

The costly storage vessels are another barrier for above-
ground storage of compressed hydrogen. Storage vessels made
from materials such as austenitic stainless steel, aluminum,
and carbon fiber-reinforced polymers and classified as Type I to
Type IV, and selected based on the required pressure and
storage scale. The choice of material is constrained by the risk
of hydrogen embrittlement, which limits the use of certain
metals under high-pressure conditions.*”

Underground storage of compressed hydrogen in depleted
natural gas reservoirs, aquifers, and salt caverns offers a
potentially lower-cost option for large-scale storage.’’ This
approach requires relatively lower compression pressures, typi-
cally between 100 and 200 bar. However, it is feasible only in
locations with an impermeable caprock to safely contain the
hydrogen. While successful hydrogen storage has been demon-
strated in salt caverns, it has not yet been implemented in
depleted gas fields or aquifers.* A significant limitation of this

2754 | Energy Environ. Sci., 2025, 18, 2747-2790

View Article Online

Energy & Environmental Science

method is the scarcity of suitable underground structures in
specific regions, posing a major challenge to its broader
adoption.

Liquid hydrogen supply is often preferred due to its
higher density (70.8 kg m~%) compared to gaseous hydrogen
(0.0898 kg m~* at 1 bar) and compressed hydrogen (42.9 kg m >
at 700 bars). However, liquefying hydrogen requires signifi-
cantly more energy than compression, with a theoretical mini-
mum of 3.3 kW h kgy; ", or 3.9 kW h kgy; ' when converting
to para-hydrogen.*® Hydrogen exists as ortho and para isomers,
distinguished by nuclear spin alignment: ortho-H, has aligned
spins, while para-H, has opposite spins. At ambient conditions,
hydrogen is ~25% para and ~ 75% ortho, but liquid hydrogen
is >99% para.** The conversion to para (and liquid) occurs at
hydrogen’s boiling point (20 K), but the process is very slow in
the absence of a catalyst. Therefore, modern liquefiers use
catalysts inside heat exchangers to accelerate the conversion.
Today’s industrial liquefiers entail high capital costs and
are energy-intensive processes, typically ranging from 8 to
12 kW h kgy,~'," representing ~30% of hydrogen LHV. A
recent liquid hydrogen production plant serving the California
market was reported to cost US$150 million for a 27 000 kg per
day capacity.?®

The challenges associated with hydrogen’s low volumetric
density and high energy required for compression and lique-
faction have encouraged the exploration of solid-state hydrogen
storage using nanostructured materials and hydrides to bond
with hydrogen. This approach can generally be classified into
two categories: chemically and physically bound hydrogen
storage.

Metal hydrides, spanning elemental hydrides (e.g.: MgH,,
AlH;), borohydrides (M(BH,)"), and other complex hydrides,
have been investigated for chemically bound hydrogen storage.
However, challenges such as high operating temperatures,
energy-intensive regeneration processes, and material costs
remain significant. MgH, is attractive due to its low cost and
large theoretical hydrogen storage capacity of 7.6 wt% but
requires high energy for desorption (75 k] mol™' H,) and
operates at high temperatures of approximately 300 °C.*°
AlH; has a higher theoretical storage capacity of 10.1 wt%,
but it demands very high pressures for hydrogen absorption.
Hydrogen storage in M(BH,)"” compounds (e.g., LiBH,) and
complex metal hydrides (e.g., NaAlH,, LiBH,) is also an attrac-
tive area of research due to their very high storage capacities
(15-20 wt%).

Liquid organic hydrogen carriers (LOHC) are another attrac-
tive route that absorbs and releases hydrogen via chemical
reactions. Some of the most promising LOHCs identified
recently include toluene/methylcyclohexane,”” naphthalene/
decalin,"® and benzene/cyclohexane.” These LOHCs remain
in a liquid state at standard temperature and pressure, offering
a high volumetric energy density, which simplifies the equip-
ment and infrastructure required for storage and transport.

Overall, high hydrogenation/dehydrogenation temperatures,
slow reaction kinetics, and reversibility should be addressed
in future studies on chemical hydrogen storage.”® Catalyst

This journal is © The Royal Society of Chemistry 2025
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development is critical, as current catalysts can degrade over
time or may lack sufficient activity and selectivity under milder
conditions. Furthermore, the recycling of carrier molecules and
addressing potential degradation products is essential for
ensuring the economic and environmental sustainability of this
technology.”*

Finally, adsorption-based storage using Metal-Organic Fra-
meworks (MOFs) or carbon-based materials, relies on weaker
van der Waals forces to bind hydrogen molecules.”*>* These
materials feature substantial surface area and rapid kinetics
but the requirement of cryogenic conditions to maximize
hydrogen adsorption hinders widespread adoption. In sum-
mary, hydrogen storage technologies, each with unique safety
risks, economic considerations, and varying levels of maturity,
face notable challenges. Therefore, the development of on-
demand, on-site hydrogen production technologies could
bypass the challenges associated with large-scale hydrogen
storage and transport, playing a pivotal role in the advance-
ment of a future hydrogen economy.

3. Methane pyrolysis

Methane pyrolysis is the thermal decomposition of methane
into hydrogen and solid carbon (R3).>® According to standard
reaction enthalpies, 37.5 kJ of energy is required to produce one
mole of hydrogen via methane pyrolysis as shown in Fig. 7.°>°°
This is considerably lower than SMR (R1) or water electrolysis
(R2) which require 63.4 kJ and 285.8 kJ per mole of hydrogen,
respectively.’” Steinberg calculated the overall thermal effi-
ciency of SMR, SMR + CCS, and methane pyrolysis at 75%,
60%, and 58%.°® This demonstrates methane pyrolysis as
comparable to SMR coupled with CCS, albeit with significantly
lower emissions.®

CH, — C(s) + 2H,; AH=37.5k] mol ' H, (R3)

Methane pyrolysis is an endothermic reaction and requires
high reaction temperatures of >1000 °C in the absence of
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catalysts. This is necessary due to the stable non-polar tetra-
hedral molecular geometry of CH4 and high C-H bond energy
AHc_; = 439.3 k] mol . The equilibrium conversion of the
pyrolysis process is influenced by temperature and pressure as
shown in Fig. 8.>° Based on Le Chatelier’s principle, an increase
in temperature leads to an increase in equilibrium conversion.
Similarly, since there are three moles of product (2H, and 1C)
formed for every mole of reactant (CH,), enhancement in
pressure will lead to a decrease in conversion.

To lower the reaction temperature and improve the hydro-
gen yield, different solid metals (Ni, Fe, Co, etc.) and C-based
catalysts have been developed. These solid catalysts have been
effective in reducing temperatures compared to non-catalytic
pyrolysis, but suffer from deactivation and risk carbon bypro-
duct contamination. Recently, the use of liquid catalysts and
heat transfer media such as molten metals (Pb, Sn, Bi), molten
metal alloys (Ni-Bi, Cu-Bi), and molten salts (KBr, NaBr, NaCl,
NaF, MnCl,, KCI, FeCl,) has attracted attention.

The catalytic and non-catalytic pyrolysis processes vary
based on the energy source, heat transfer medium, and reactor
design such as fluidized-bed reactors, packed-bed reactors,
tubular reactors, microwave reactors, plasma reactors, molten
metal/salt reactors, and others as shown in Fig. 9. These
technologies vary in energy efficiency, hydrogen yield, operat-
ing temperature, carbon byproduct quality, and hydrogen pro-
duction costs. The following sections provide a comprehensive
overview of these different pyrolysis technologies.

3.1. Catalytic methane pyrolysis

Several reaction mechanisms have been postulated to explain
the catalytic pyrolysis of methane. A majority of studies have
proposed a molecular adsorption mechanism (Fig. 10(a)),***
and a few others discuss a dissociative adsorption model
(Fig. 10(b)).°*°*

In the molecular adsorption mechanism, methane is first
adsorbed on the catalyst surface and then dissociated following
a series of stepwise surface dehydrogenation reactions.®’ In
most studies, the rate-limiting step (RLS) is often considered to

(A) 11ach, (9) + 1/2H,0 (1) (B) H,0 (1) ©) 1/2CH, (9)
+22.0 kJ mol! +44.0 kJ mol! A
1/4CH, (g) + 1/2H;0 (9) y H,0 () +219.8 kJ mol* 112C (s) + H, (9)
AHY = AH =
+63.4 kJ mol! 1/2CH; (g) + 1/2H (g) 358.3kJ mol? +37.7 kJ mol”
1/4C0; (9) + H; (9) +231.1 kJ mol!
A
3 z AHG = I 1/2C (g) + Ha (9)
-1
+139.8 kJ mol +285.8 kJ mot 1/2CH, (g) + H (g)
+241.8 kJ molt
+212.1 kJ mol!
-98.4 1
! -436.3 kJ mol*
1/2CH (g) + 3/2H (g)y "
+169.4 kJ mol!
1/4C (s) + H, (g) + 1/40,(g) H; (g) + 1/20, (g) L 1/2C (g) + 2H (g)

Fig. 7 Enthalpy diagrams of (A) SMR (from liquid water), (B) water electrolysis, and (C) methane pyrolysis for hydrogen production. Reproduced from ref.
56 with permission from the American Chemical Society (CC-BY 4.0), copyright 2021.
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be the abstraction of the first hydrogen atom from molecularly
adsorbed methane to form an adsorbed methyl group.®* How-
ever, a few studies also suggest the RLS be either methane
adsorption over the surface, or the removal of the second
hydrogen from the adsorbed methyl fragment.®

In the dissociative adsorption mechanism, methane dissoci-
ates upon adsorption on the catalytic active sites generating

/

\
\
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chemisorbed CH; and H fragments.®® Subsequent surface dis-
sociation reactions mirror those in the molecular adsorption
mechanism. As with molecular adsorption, different steps are
considered as RLS. Most studies confirm that methane disso-
ciation into CH; and H controls the overall mechanism.®”"%®

Zhang and Smith reported that molecularly adsorbed CH,
over Group VIII metal catalysts would have higher activation
energy (CH,4S + S — CH,3S + HS, where S represents an active
site) versus gas phase (CH, + 2S — CH;3S + HS).®® Saraswat et al.
analyzed both pathways, considering different steps as RLS,”®
and concluded that molecular adsorption with the first step as
RLS is suitable mechanism for Ni-Cu-Zn/Al,O; catalyst. Both
pathways primarily yield hydrogen catalytically, whereas the
non-catalytic route can produce a variety of compounds such as
C,Hg, C,Hy, C,H,, and CgHg.”' ™ This is because catalysts play
dual roles by reducing activation energy for faster reactions and
enabling selectivity. On the other hand, non-catalytic methane
pyrolysis can follow different reaction pathways based on
operating conditions, discussed in Section 3.2.

In recent years, various solid and liquid catalysts have been
studied for methane pyrolysis. Solid catalysts, categorized as
metal-based and carbon-based, are covered in Sections 3.1.1
and 3.1.2. Liquid metals and molten salts, serving as both heat
transfer media and catalysts, are discussed in Section 3.3.

3.1.1. Metal catalysts. The development of metal catalysts
for methane pyrolysis has been pursued for many years
(Table 3). Transition metals such as Ni, Co, and Fe supported
over SiO,, Al,03, Fe, 03, Fe;04, TiO,, and CaCO; have gotten the

© | Arc, Gliding Arc,
o= || s s Electron Beam, etc.
e |/
sz | :
8S || Micowave || NAOHdWave T} pieq ped
= Receptors)
2% |

q’ .
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—

Fig. 9 Different routes for hydrogen production through methane pyrolysis. First column: categorization of methane pyrolysis routes. Second column:
subcategories within each type. Third column: catalysts under investigation. Fourth column: types of reactors utilized.
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(a) Molecular adsorption mechanism. (b) Dissociative adsorption mechanism for catalytic methane pyrolysis. The red arrows indicate the rate-

determining steps. Adapted from ref. 56 with permission from the American Chemical Society (CC-BY 4.0), copyright 2021.

Table 3 The activity of different metal catalysts investigated for methane pyrolysis

Catalyst Flow (mL min~')  Temperature (°C)  CH, molar ratio in feed (%)  Conversion (%)  Stability (h) Ref.
7% Ni/TiO, 60 600 100 60-50 13 74
7% Ni/Al,O5 60 600 100 50-30 2 74
7%Ni/CaCO; 60 600 100 50-20 2 74
20% Ni/TiO, 60 600 100 62-74 15 74
7% Ni/(TiO, + Al,0;) 60 600 100 68-60 15 74
Ni/TiO, 7.5 600 100 40-38 8 76
Co-Cu (75/25) 25 700 25 30 2 75
Ni-Cu-Co (70/5/25) 25 750 25 60 3 75
Ni-Cu-Co (50/25/25) 25 750 25 80 5 75
Ni-Cu-Co (50/25/25) 25 800 25 84 Fast deactivation 75
Ni-Al (75/25) 70 700 28.6 83 Fast deactivation 77
Ni-Fe-Al (25/50/25) 70 700 28.6 58 1 77
Ni-Fe-Al (25/50/25) 70 700 28.6 70 (40) 2 (210) 77
Fe/Al,O5 70 700 30 58-25 1 78
Fe/SiO, 70 700 30 50-15 1 78
Fe/H-ZSM-5 70 700 30 36-14 1 78
Ni-Cu-SiO, 35 750 100 41 Fast deactivation 79
Co/SiO, 250 (5000) 800 100 33-25 5 80
Ni/SiO, 250 (5000) 800 100 59-23 5 80
Fe/SiO, 250 (5000) 800 100 43-27 5 80
Ni/CeO, 150 (4500) 700 100 45-30 6 81
Ni/ZrO, 150 (4500) 700 100 44-32 6 81
Ni/La,O3 150 (4500) 700 100 41-33 6 81
Ni/La,O3 15 700 100 80-60 4 82
Fe/CeO, 150 (4500) 800 (700) 100 47 (39)-49 (35) 6 83
Fe/La,0; 150 (4500) 800 (700) 100 50 (41)-33 (23) 6 83
Ni-Co/SBA-15 150 (4500) 700 100 39-22 5 84
Ni-Fe/SBA-15 150 (4500) 700 100 34-20 5 84
Fe-Co/SBA-15 150 (4500) 700 100 33-28 5 84

most attention.”*”> The key feature of transition metals is the

partially filled 3d orbital which facilitates the C-H bond
breakage.

The catalytic activity reported varies by metal, with Ni >
Co > Fe. Ni demonstrates the highest initial activity (CH,4
conversion and H, yield) but suffers from fast deactivation
due to carbon coking and poisoning. Kang and Lee reported
a high conversion of ~ 90% and 80% at 850 °C and
750 °C, respectively, using Ni catalysts, nearing equilibrium
conversion,®> But the conversion dropped to below 60% in less
than 4 hours. Salipira et al. reported 60% conversion at 600 °C
and showed that the activity is directly proportional to Ni
concentration.”* Deactivation accelerated with temperature

This journal is © The Royal Society of Chemistry 2025

increase, starting within 3 hours at 650 °C and 1 hour at
700 °C, due to faster carbon formation than diffusion in Ni
particles, which blocks active sites and halts methane
conversion.*®

To address catalyst deactivation, other catalysts have been
investigated. Co, while the second most active for methane
decomposition, is costly and toxic, making it less suitable.®” Fe
catalysts, being cheaper and non-toxic, offer a viable alterna-
tive. Pudukody et al. explored Ni, Co, and Fe catalysts on
various supports such as CeO,, ZrO,, La,0;, and SBA-15 for
methane pyrolysis.®"##* The Fe/CeO, sample demonstrated
the best stability and performance, achieving 35% conversion
(52% H, yield) after 6 hours.*® Fe’s carbon diffusion rate, three
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orders of magnitude higher than Ni’s, accounts for its greater
stability.®®

Combining Ni and Fe aims to leverage Ni’s activity and Fe’s
stability.®® Tezel et al. demonstrated that 4.46%Ni-1.1%Fe/
Al,O; catalysts had lower activity (57% conversion) than
5.87%Ni/Al,0; catalysts (66% conversion) but improved
stability.”® Wang et al. studied CH, pyrolysis at 600 °C using
Ni;_,Fe,Al catalysts.91 Catalyst lifetime increased with Fe con-
tent up to x = 0.6 (Ni, 4Feq 6Al, 7 h) before declining at higher Fe
content. Fe’s higher diffusion coefficient (100 times Ni) reduces
carbon accumulation, leading to higher catalytic life and
carbon yield.

Ni has also been combined with other metals to improve
catalytic activity.”® Li et al. found that adding 10 wt% Cu to Ni-
SiO, increased conversion from 12% to 22%, while raising Cu
to 20 wt% reduced initial conversion (22% to 17%) but
improved stability (200 to 350 minutes).”” Shen and Lua
reported that Ni-Cu on carbon nanotubes (78% Ni, 22% Cu)
achieved 55% CH, conversion at 700 °C with over 20 hours of
stability, though at a lower feed flow rate (7.5 mL min~").°* Cu
has also been used with mixed metal Ni-Fe catalysts offering
several benefits such as higher reducibility, improved disper-
sion, and hindering carbon encapsulation.’*®

For Fe-based catalysts, reducibility is a significant factor
whereby metallic iron (Fe®) is required for methane
decomposition.’® Al is reported to be the most effective pro-
motor for Fe compared to Co, Mg, Ce, Ti, and Ca.’® An Fe-Al,0;
sample (65 wt% Fe) prepared by co-precipitation reached
>70% conversion at 750 °C, where AlL,O; played a key
role in enhancing Fe crystallization, and increasing Fe®
surface exposure for graphitic carbon to deposit. The
synthesis method also has a big impact on the catalytic
performance with co-precipitation preferred to impregnation
to ensure better dispersion.®” Ibrahim et al. demonstrated this
for Fe-Al,O; catalysts prepared via co-precipitation, achiev-
ing a maximum hydrogen yield of 77.2%, stable over
4 hours.”®

The catalyst support also plays a key role, influencing metal
particle dispersion, reducibility and mechanical stability.”
Weak metal-support interactions cause leaching, while strong
interactions can reduce dispersion. Wang et al. investigated the
impacts of different supports such as Al,03, SiO,, and H-ZSM-5
on Fe catalysts.”® They found that Fe/Al,O; provided superior
performance (58% conversion) than the two others (50% and
36% conversion for ZSM-5 and SiO,, respectively), attributed to
better Fe dispersion and reducibility with Al,Os. Salipira et al
observed that TiO, and Al,0;-TiO, supports provided the high-
est hydrogen production rate and stability for Ni catalysts.”
Takenaka tested supports like SiO,, TiO,, MgO, ZrO,, and
Al,O; for Ni catalysts, finding Ni/TiO, had the highest initial
methane conversion at 500 °C, while Ni/SiO, performed better
over time.'° The K-edge XANES spectra showed Ni predomi-
nantly as metal in Ni/TiO, and Ni/SiO,, whereas it appeared as
NiO in other supports. Awadallah et al. demonstrated via
temperature programmed reduction (TPR) studies that strong
metal-support interaction in Ni/MgO required high reduction

2758 | Energy Environ. Sci., 2025, 18, 2747-2790
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temperatures (912 °C), forming Mg,Ni(; O solid solutions that
reduced catalytic activity.'®"

In summary, advances have been made in developing solid
metal catalysts for methane pyrolysis, but carbon deposition
remains a major challenge, causing catalyst deactivation and
reactor clogging. Deactivation occurs when the metal catalysts
are covered by carbon or due to loss of the metal particles
which get detached from the support.'®® These two mechan-
isms will be discussed in more detail in Section 4. Meanwhile,
significant research has focused on carbon-based catalysts as a
cheaper and more stable alternative, discussed in the next
section.

3.1.2. Carbon catalysts. Methane pyrolysis can also be
facilitated by carbon-based catalysts, such as activated carbon
(AC), carbon black (CB), glassy carbon, carbon nanotubes (CN),
acetylene black (AB), coal char, biochar, and graphite.'®® Mur-
adov and Veziroglu'® outlined several benefits of carbon
catalysts such as higher resistance to coke poisoning, lower
costs, and resistance to sulfur poisoning that make them very
attractive for industry.'®'% The activity and stability of
reported carbon-based catalysts for methane pyrolysis are sum-
marized in Table 4.

Among carbon-based catalysts, amorphous carbons such as
activated carbons and carbon blacks have demonstrated pro-
mising activity.""*"*® The reported activation energy of acti-
vated carbon and carbon black is 160-201 k] mol~* and 205-
236 kJ mol ', respectively."'®'"” Activated carbons show high
initial activity (conversion rates) but are less stable than carbon
black. Nishii et al. demonstrated a high initial conversion of
67% using activated carbon at 900 °C, but it dropped to 15% in
less than 2 hours.'® In contrast, carbon black had a lower
initial conversion rate of 52% but was more stable at over 30%
for more than 7 hours.

Several factors impact the stability and activity of carbon-
based catalysts for methane pyrolysis. Surface area is critical for
initial activity, as highlighted by Muradov et al., who demon-
strated a direct correlation between surface area and initial
conversion, with activated carbon (up to 2208 m> g~ ) achieving
the highest initial activity.'"®® However, beyond this initial
phase, porosity and particle size come into play and can affect
methane conversion. Carbon deposition during decomposition
can block surface pores, causing rapid deactivation, as seen
with activated carbon. In contrast, carbon black, with more
accessible active sites, maintains longer activity. In another
research, mesoporous carbon structures were found to be more
active than microporous carbon due to their facilitation of mass
transfer barriers."'®

The crystal structure and lattice defects of the carbon
catalysts also significantly influences their catalytic
activity."'®'*® Raman spectra peaks at 1580 cm ' (G band)
and 1350 cm ' (D band) correspond to graphitic lattice vibra-
tions and symmetry-reducing lattice defects, respectively.'*"'?>
The intensity ratio (Ip/Ig) measures the degree of graphitiza-
tion, and literature suggests that higher Ip/I; values (indicating
greater lattice defects) correlate with higher activity, as
observed in the comparison between carbon black and

This journal is © The Royal Society of Chemistry 2025
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Table 4 Methane conversion over carbon-based catalysts
Catalyst VHSV* (mL h™ ' gese ') Temperature (°C)  CH, molar ratio in feed (%)  Conversion (%)  Stability (h)  Ref.
Biochar 6000 900 90 51-20 6 106
Biochar 6000 700 90 25-0 0.5 106
Activated char 6000 900 90 58-21 6 106
Activated char 6000 700 90 30-0 0.5 106
Carbon black 15000 1120 — 80 2.5 107
Carbon black 15000 970 — 62 2.5 107
Carbon black 15000 900 62.5 12 2 108
Carbon black 13000 900 — 52-15 10 109
Activated carbon 13 000 900 — 67-15 2 109
Carbon nanofiber 13000 900 — 15 10 109
Mesoporous carbon 13000 900 — 45-15 3 109
Trimodal carbon 24000 900 25 52-15 10 110
Ni/CNT 26 000 575 100 35-0 20 93
78%Ni-22%Cu/CNT 26 000 700 100 55-47 20 93
58%Ni-42%Cu/CNT 26 000 700 100 53-40 20 93
74%Ni-26%Cu/CNT ~35000 700 — 80 1 111
78%Ni-22%Cu/CNT 9000 700 100 50 20 112
Ni/CNT 9000 600 100 55 Fast 112
% VHSV = volumetric hourly space velocity.
mesoporous carbon.'®® Both carbon black and activated car-
bon, classified as amorphous carbons, feature abundant high- 1600
energy sites (defects, vacancies, edges) and large surface areas,
resulting in high catalytic activity for methane pyrolysis."** __ 1400 |-
It is important to note that the carbon formed during the g =
reaction is also reported to exhibit catalytic activity, but its 2 1200 |~
effectiveness depends on the surface area and crystal structure. © 1000
- . . 0]

Nishii et al. found stable ~17% conversion across catalysts like e —
activated carbon, carbon black, mesoporous carbon, and car- 2 800
bon nanofibers, driven by the activity of the deposited il
carbon.'®® However, this was significantly lower than the initial 600
conversion of the catalysts which was in the range of 45 to 70%. 400
This was primarily due2 t?l the lower surface area of Fhe © 2 2 2 @
produced carbon at 10 m” g~ versus the carbon catalysts which > S » > N

o _ 5
had specific surface areas of >1500 m* g~ *."% Furthermore, F F O F P

— © - Q’ S
the carbon formed at temperatures of 800-1470 °C, character RS @0 @ & S
S

ized by graphitic and nanotube structures (as will be discussed
in Section 4),
efficiency."”

To summarize, various catalysts such as Ni, Fe, Co, and C
have been used for methane pyrolysis. Fig. 11 demonstrates
that the reported operating temperatures which is in order of
Ni < Co < Fe < carbon-based. It must be noted that conver-
sion efficiency for C-based catalysts is typically lower than other
systems as summarized in Table 4. The required reaction
temperature with catalytic systems (600-1000 °C) is signifi-
cantly lower than non-catalytic methane pyrolysis. However,
the main drawback of current catalysts (metal or carbon) is the
requirement of a regeneration step which is discussed next.

3.1.3. Catalyst regeneration. Carbon covering active sites
inevitably deactivates catalysts during methane pyrolysis. The
combustion or gasification of the carbon by O,, H,0, and CO,
is commonly employed to regenerate the metal- or carbon-
based catalysts.">”"?®

Villacampa et al. studied Ni/Al,O; catalysts regenerated with O,
at 600 °C and found that sintering of Ni particles reduced hydrogen

shows reduced methane decomposition

This journal is © The Royal Society of Chemistry 2025

Fig. 11 Typical operational temperatures for non-catalytic methane pyr-
olysis using various catalyst types, reproduced from ref. 56 and 126 with
permission from the Elsevier and American Chemical Society (CC-BY 4.0),
copyright 2021.

production in subsequent cycles (1.5 vs. 0.5 mmol H, ge,, * min~ "

after 20 minutes for fresh and regenerated catalysts,
respectively)."*® Additionally, the carbon produced over cat-
alysts dropped from >0.3 g¢ Zear ' t0 0.1 8¢ Zeae - after the
first regeneration cycle, corresponding to more than 66%
reduction in activity.

Takenaka et al. utilized CO, gasification to regenerate Ni
catalysts on three different supports: TiO,, SiO,, and Al,0;."*”
In general, regeneration led to particle agglomeration for all
three catalysts (for Ni/SiO,:40-100 nm — 200 nm) which
inversely affected activity. However, for the TiO, and Al,O;
support, the first few regeneration cycles led to an improve-
ment in catalytic activity, declining only after additional cycles.
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Fig. 12 The activity of Cu/Al,Os in producing H, in fresh and after regenerated by (A) air, (B) CO,, and (C) steam. Adapted from ref. 129 with permission

from Taylor & Francis, copyright 2008.

This improvement was attributed to the small initial Ni
particle size on these supports, where early regeneration cycles
(e.g., 3 cycles for Ni/TiO,) allowed Ni particles to reach an
optimum size.

Ammendola utilized all three methods of regeneration for
Cu/Al,O; catalysts (Fig. 12) to compare them in a similar
process.’?® The regeneration was performed at 800 °C under
air flow for combustion, under 5.5% CO,, and 3% steam in the
air for CO, and steam gasification, respectively. While the
combustion in the air was completed in 15 minutes, the
gasification with CO, and water required at least 80 and
70 minutes to remove 45% of the deposited carbon. As a result
of carbon removal, the catalyst regenerated by combustion in
air restored its complete activity after two cycles. However, two
other options were not as effective in regenerating the catalyst.

Similar to metal catalysts, carbon-based catalysts can
undergo gasification and combustion with CO,, steam, and
0, to be regenerated.’*>'*' However, in this scenario, regen-
eration involves not only removing deposited carbon but also
losing part of the initial carbon catalyst."** This loss is more
significant with O, combustion, as the initial carbon is more
active than the deposited carbon.'** Consequently, combustion
is not considered a suitable option for regenerating carbon-
based catalysts and gasification is preferred.

Pinilla investigated the regeneration of spent carbon cata-
lysts through CO, gasification at temperatures of 700-950 °C
and analyzed the specific surface area, amount of oxygenated
groups created, and weight loss of the catalyst.’** It was
observed that the specific surface area and the oxygenated
groups increased as the regeneration conditions became more
severe. More importantly, it was observed that multiple
deactivation-regeneration cycles led to a decrease in weight,
surface area, and oxygenated groups. This was attributed to the
removal of carbon from the initial catalyst, which is less
resistant to gasification, rather than the graphite-like carbon
deposited during methane pyrolysis at 850-1000 °C, known for
its gasification resistance.

Investigations into catalyst reactivation via gasification
with H,0 showed promising results."*® Regenerating the
catalyst through steam treatment at 950 °C for 0.5 hours
restored 92% of the initial surface area.''® Although the first
cycle demonstrated superior activity restoration compared to

2760 | Energy Environ. Sci., 2025, 18, 2747-2790

CO, gasification, further studies are needed to evaluate the
effects of both gasification methods (CO, and H,0) on the same
deactivated sample. It's crucial to acknowledge that while
regenerating of catalysts through combustion or gasification
may result in stable systems, it also leads to the release of CO,,
which contradicts the aim of zero-emission hydrogen
production.

3.1.4. Reactor designs. The three main types of reactors
that have been investigated for solid catalytic methane pyrolysis
are the fixed-bed, fluidized-bed reactor, and moving-bed
reactor."* ™7 These reactors can also be used for non-
catalytic pyrolysis, where inert materials such as ceramics, glass
beads, or carbon granules are used as packing material for
facilitating good contact between the reacting phases, improv-
ing mass and heat transfer, and ensuring uniform flow dis-
tribution. However, majority of reported literature focuses on
the use of these reactors for solid catalytic methane pyrolysis.

Fixed-bed reactors, commonly studied on a laboratory scale,
were the focus of early methane pyrolysis research. Kim et al.
used a quartz-tube flow reactor with activated carbon of varying
particle sizes, finding methane conversions of 8-12%, higher
with smaller particles due to intraparticle mass transport
effects. However, all catalysts deactivated rapidly within 100-
120 min due to pore blockage by deposited carbon. Similarly,
Lee et al. achieved 100% methane conversion using carbon
black in a fixed-bed reactor at 1020-1170 °C, though stability
was not reported.’®” In another study, Pinilla et al. utilized a
fixed-bed reactor with Fe-based catalysts at 900 °C, resulting in
a 93% hydrogen concentration in the output gas."*® The carbon
was deposited as multiwall carbon nanotubes which slowly led
to catalyst deactivation over 180 min. Fixed-bed reactors face
drawbacks such as hot spots, thermal gradient, pressure drops,
and challenges with carbon coking, limiting their practical
application.”®® These issues become more significant in
methane pyrolysis due to the substantial solid carbon yield
(75% wt. of CH,), which can lead to rapid reactor blockage.
Coupled reactors could address this barrier by allowing simul-
taneous pyrolysis in one reactor and regeneration in another
(Fig. 13(a)).

On the other hand, fluidized bed reactors are known to be
more effective for enhancing mixing, heat, and mass
transfers,''®13136:1417145 1y these reactors, the solid catalyst

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Methane pyrolysis for a continuous process using (a) fixed-bed
configuration with a parallel pyrolysis reactor, and (b) fluidized-bed reactor
coupled with a regeneration reactor. Adapted from ref. 140 with permis-
sion from the Elsevier, copyright 2001. (CAT-CARB: deactivated catalysts
with solid carbon, Catalyst: regenerated catalyst).

particles are suspended by the upward flow of the gases or
liquids. This fluidization improves mixing and contact between
the catalyst and the reactants, leading to improved heat and
mass transfer.

Lamacz and Labojko studied methane decomposition over
Ni/CeZrO, in a fluidized-bed reactor under varying gas hourly
space velocities (GHSV), particle sizes, and temperatures
equipped with H,O regeneration."*® Over four cycles, this
reaction/regeneration process demonstrated promising results.
The results revealed an inverse relationship between GHSV and
particle size with conversion and stability, respectively. While
fluidized bed reactors are more robust to carbon blockages
than packed bed reactors, catalyst particles still grow due to
carbon deposition and eventually cause blockage. Lee et al.**’
and Dunker et al."*® also demonstrated this issue in fluidized
bed reactosr for methane pyrolysis reactions with activated
carbon and carbon black catalysts, respectively. In both studies,
the catalyst activity significantly dropped within 120-1000 min
due to blockage from carbon produced during reaction.

To maintain a continuous process, a regeneration reactor
can be integrated with the pyrolysis reactor, as illustrated in
Fig. 13(b). Carbon-covered catalysts are continuously trans-
ferred to the regeneration reactor for carbon removal or com-
bustion, and the reactivated catalyst is recycled back into the
pyrolysis reactor. Alternatively, two parallel decomposition
reactors can be used, allowing the redirection of the stream

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Moving-bed reactor schematic and flows.*>?

between them, and facilitating the regeneration. Nevertheless,
as discussed, besides GHG formation, catalyst regeneration
also leads to diminished activity compared to fresh catalysts,
thereby reducing the efficiency of the process. This necessitates
frequent catalyst replacement, increasing overall process costs.

Moving-bed reactors can also be used for either catalytic or
non-catalytic methane pyrolysis. They can be designed
for concurrent (same direction) or countercurrent (opposite
direction) flow of feed gas and solid particles (catalysts/heat
transfer media)."*®'*® Countercurrent designs (Fig. 14) face
challenges from gas flow distortion caused by significant drag
from solid flow,"*® but enhance heat transfer, hence making it
commonly preferred method for this process.">""*> Moving-bed
reactors also provide advantages such as low-pressure drops,
reduced maintenance costs, and improved gas-solid surface
contact.">

Carbonaceous materials like carbon black are often used
as solid heat transfer materials due to their similar composi-
tion to the produced carbon during the pyrolysis process.'>*
The carbon stream can be directly heated by electricity,
enabling the temperature of the reactor to reach >1400 °C,
required for a reasonable conversion.'>® BASF has been devel-
oping the moving carbon bed reactor for methane pyrolysis
since 2013, as discussed further in Section 6."*”'*® The moving
bed reactor can also incorporate catalyst particles (for example
Ni catalysts) equipped with an additional regeneration
reactor.’®” Further research is needed to investigate process
designs for utilizing the energy from the hot gas exiting the
reactor to support heat integration processes and hydrogen
purification.
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3.2. Non-catalytic methane pyrolysis

Non-catalytic methane pyrolysis requires temperatures exceed-
ing 927 °C due to the strong C-H bond,"”®'*® and typically
leads to multiple reactions based on temperature and residence
time, producing H,, C,H,, C,H,, C,Hs, C;He, CeHs, tar, and
polycyclic aromatic hydrocarbons (PAHs).'***®* Most studies
propose that the non-catalytic reaction involves a free radical
scheme with the RLS being the dissociation of methane into a
methyl radical and a hydrogen atom.'®® Chen et al. proposed
that C-H bond cleavage generates methyl radicals, which react
with intermediate hydrocarbons to release hydrogen.'®* The
CH; radical plays a central role in this mechanism, dimerizing
to form C,Hg, the primary product of methane pyrolysis. Key
intermediate species include ethane, ethylene, acetylene, and
propylene. The summarized net reactions are as follows:'®"

2CH,; — C,H¢ + (H,) —» C,H, + (2H,) — C,H, + (3H,) — 2C +
4H, (R4)

Olsvik and Billaud provided the step reaction as illustrated
in Fig. 15.

An alternate mechanism has been proposed to involve the
dissociation of methane directly into methylene (CH,) radicals
and H, molecules, as suggested by Kassel.'®>'°® The CH,
radicals lead to methane conversion into ethane, which under-

goes dehydrogenation to ethylene, then acetylene, and

2CH,

I -2H* > H,
= H*
CHe* <> 2CH* < » GH,
- =i
v
CyHg J
A
- H* -
v
CHy* « > CHg*

A
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|-
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Fig. 15 Proposed reaction series in non-catalytic methane pyrolysis.
Adapted from ref. 160 with permission from Elsevier, copyright 1994.
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ultimately to hydrogen and carbon.'®” The process is highly
temperature-dependent, with CH, dissociation to CH,, occur-
ring at temperatures exceeding 1390 °C.'®° In the following
sections, we will summarize the two most common non-
catalytic configurations i.e., microwave and plasma pyrolysis.
It is important to mention that while the focus of this section is
primarily on non-catalytic pyrolysis, the catalytic variations
reported for these configurations are also described briefly.

3.2.1. Microwave methane pyrolysis. Microwaves, a form of
electromagnetic radiation with frequencies between 300 MHz
and 300 GHz,'®® have been explored as an alternative to
conventional heating methods. Most industrial or domestic
microwave ovens operate at a frequency of 2.45 GHz and
915 MHz."*>"”° Contrary to traditional conductive and convec-
tive heat transfer mechanisms, microwave heating employs
direct application of electromagnetic energy to the medium,
inducing volumetric heating through molecular interactions
with the electromagnetic field. Key advantages include contact-
less heating, safe, and high energy transfer efficiency
(85-90%)."”" A notable benefit s that hydrogen, the main
product, does not absorb microwave radiation."”?

For methane pyrolysis, the non-polar nature of CH, requires
a highly efficient microwave-absorbing material to utilize radia-
tion energy for breaking C-H bonds. As illustrated in Fig. 16,
the process consists of a microwave source, a packed-bed or
fluidized-bed reactor, and solid materials acting as wave recep-
tors to achieve high temperatures and facilitate methane
decomposition. A magnetron is used to generate microwave
radiation when a large potential difference is applied to the
anode and cathode.

Various catalytic and non-catalytic materials such as Ni, Pd,
Cu, CNT’s, and carbon nanofibers have been used to absorb
and transfer the microwave radiation energy (Table 5)."7>""*
The selection of materials depends on their microwave absorp-
tion efficiency and structural stability under radiation.'”®
Metals due to their free electrons can be heated by induction
heating from the microwave’s magnetic field and have been

-

C =
 Tarbon deposition &

fis
o a",

Microwave

2 ©H.
Cu, 9
Cu»

©p O8
o
T

Fig. 16 Microwave driven methane decomposition, Reproduced from ref.
173 with permission from Elsevier, copyright 2023.
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Table 5 Performance of microwave methane pyrolysis
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1

Flow mL min~ Temperature Pressure H, CH,
Solid material (GHSV 1/h) (cc) (bar) Power selectivity conversion Ref.
10Ni-1Pd (wt%) supported on CNT 30 (30% CH,, 70% N,) 550 1.01 5.85-6.65 GHz ~ — 68 174 and 178
10Ni-1Cu/CNT 30 (30% CHy, 70% N,) 550 — 5.85-6.65 GHz — 37 174 and 178
Granular — 1216 — 600 W, 2.45 GHz 98% 90 173
Ni 94% CHy, 6% C2 — — 2.45 GHz 84.9% 79.8% 176

demonstrated for production of value-added carbon products.
For instance, Galanov et al. investigated catalytic microwave
methane pyrolysis with metal catalysts such as Ni, Fe, Mo, TiNi,
and AINi,"’® finding that Mo and Ni catalysts exhibited highest
methane conversion (77.6 and 79.5%), and led to the formation
of single-walled and multi-walled carbon nanotubes. Similarly,
Fidalgo et al. demonstrated that metal catalysts such as Fe and
Ni on carbon support can act as nucleation sites leading to the
growth of carbon nanofilaments during the microwave-assisted
methane pyrolysis reaction,’””” a phenomenon not observed
with conventional heating in an electric furnace.

In addition to metals, carbon-based materials such as
activated carbon, graphite, and CNTs possess free electrons
and are highly conductive which can be used as carrier energy
to receive microwave energy, heat up, and transfer the heat to
CH, molecules."”® Jiang et al. explored a microwave-assisted
process with CNT-supported Ni-Pd and Ni-Cu catalysts.'”*
Compared to conventional heating, these catalysts heated more
efficiently in microwave pyrolysis, reducing the apparent acti-
vation energy from 45.5 k] mol™" (conventional convective
heating) to 24.8 k] mol~". This efficiency is attributed to the
unique electrical properties of CNTs, derived from their sp*
carbon atom network.

Carbon-based materials are often used both as microwave
receptors and as catalysts. Fidalgo et al. studied the dual role of
activate carbon in microwave-assisted methane pyrolysis,
observing increased methane conversion with higher N, con-
tent in the feed gas, achieving 100% conversion."®® This was
assigned to the role of N, induced energetic micro-plasmas,
which are high-energy, short-lived sparks (<1 micron in size)
that improve methane conversion.'2¢87183

Deng et al. used microwave-sensitive H-(Fe)ZSM-5 catalysts,
achieving a significant conversion increase (3% in thermally-
heated fixed-bed vs. 40% under microwave conditions), attri-
buting this to micro-plasmas.'®* Dominguez et al.'® reported
80% conversion after 10 minutes with activated carbon under
microwave heating, compared to 50% with conventional heat-
ing at 800 °C, with carbon nanofibers forming only under
microwave conditions, suggesting that “micro-plasmas” may
play a decisive role in their formation.

Recently, promising results for microwave-assisted methane
pyrolysis were reported by Dadsetan et al, using activated
carbon as initial seed particles in a fluidized bed reactor.'”
The reactor was operated in a bubbling fluidization regime to
optimize the residence time and reduce reactor’s blockage risk.
The most interesting aspect was that pyrolytic carbon formed
during the reaction absorbed microwave energy, enabling

This journal is © The Royal Society of Chemistry 2025

continuous operation without adding new catalysts. They
reported an activation energy of 224 k] mol™ ', 90% methane
conversion at 1216 °C, hydrogen selectivity >95%, and over
500 hours of operation without reactor blockage."”* The verti-
cally oriented reactor allowed carbon particles to be collected,
ground, and recycled back into the process or stored.

Microwave pyrolysis performance is strongly influenced by
operational parameters such as pressure, feed composition,
temperature, power, and frequency. Importantly, conversion
does not increase linearly with microwave energy input, high-
lighting the need to optimize power for maximum energy
efficiency in hydrogen production. Jiang et al. observed that
increasing microwave power by 11% resulted in a 37% increase
in methane conversion."”* Microwave methane pyrolysis holds
promise due to the low energy consumption (~ 8.7 kW h kgHz’1
with 47.6% LHV efficiency), safe, easy, and controllable
operation.'”* However, the technology has only been conducted
in laboratory setups and scaling up remains a significant
challenge.'”?

3.2.2. Plasma reactors for methane pyrolysis. Plasma pyr-
olysis is the most advanced methane pyrolysis technology, with
a technology readiness level (TRL) of 8 and successful pilot-
scale demonstrations.">> During the 1990s, Kvaerner, a Norwe-
gian firm, developed and patented a plasma torch designed for
generating carbon black and other hydrocarbons of higher
molecular weight via the pyrolysis of natural gas. Based on this
technology, the Karbomont facility was established in Canada
in 1997, capable of producing 20 000 tonnes of carbon black per
year.'®*

Plasma, an ionized state of matter, comprises of reactive
components like electrons, ions, radicals, and other excited
species. Energy transfer in plasma occurs as accelerated elec-
trons in an electric field transfer energy to heavier particles. Key
advantages of the plasma process include direct transfer of
energy to the process gas and the ability to achieve high
process temperatures unattainable by other methods. These
features significantly help accelerate chemical reactions that
might otherwise face thermodynamic limitations. Like other
non-catalytic pyrolysis methods, plasma pyrolysis can also
lead to a wide range of intermediates such as C,Hs, C,H,,
and C,H,. For a detailed description of plasma chemistry,
kinetics, thermodynamics, and electrodynamics, refer to Prof.
Alexander Fridman’s book, which extensively covers plasma
technologies.'®”

In this review paper, we summarize the development of
plasma pyrolysis processes aimed at hydrogen production.
For a detailed examination of plasma pyrolysis technologies

Energy Environ. Sci., 2025, 18, 2747-2790 | 2763
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Table 6 Methane decomposition using different plasma reactors
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CH,4
Feed flow concentration Conversion H, yield Energy yield
Discharge technology (L min™?) in feed (%) (%) (selectivity) (kW h kg, ") Ref.
Gliding arc 50 x 107> to 150 x 10> 50 21-60 19-57 (~96) ~37-100 187
Gliding arc 6 9 91.8 74 (80.7) ~100 188
Gliding arc 10 50 50 43 (86) 36 189
Gliding arc 60 1-24 20-34 15-27 (73-80) 55-444 190
GA with CH, + Ar, He, CO, and N, 1 50-100 40-60 18-37 (40-62) 139-322 191
Thermal — 12.5 99.5 96 (96) ~86 184
Thermal with quenching gas 50-80 (quenching 100 67-96 50-72 (71-75) ~37-45 192
from 100-150)
Thermal steam 100-300 100 75-88 — () ~30-63 193
(2.5-5.2 kW h m ™ H,)

MW (at 3 kPa) 98 x 1073 100 82 57 (70) 93 194
MW (at 1 atm with CH,-H,) 400 20 82 58 (71) 657 195
MW with H,-CH, feed at 5.5-11 kPa 6 50-100 31-49 18-39 (59-79) 155-211 196
MW with H,-CH, feed at 11 kPa 60 1-34 19-64 16-47 (74-87) 83-611 190
MW with H,-CH, feed at 5.5 kPa 100 x 1072 100 19 7 (35) 666 197
MW with H,-CH, feed 30 5 (H, = 0.0-20%) 72-95 47-50 (52-65)  — 198
Nanosecond pulse DBD with 5-25 cm 110 x 10° 9 23-87 — (18-80% H, in 0.72-7.3% efficiency® 199
outer electrode output gas)
“ Energy efficiency = HHV of produced H,/(HHV of CH, + power)
covering studies aimed at acetylene and higher molecular
weight hydrocarbon production, readers are directed to other J I [out
review papers.'®>'%® The reported methane decomposition a) b)
activity via the conversion, hydrogen yield, and energy yield
using various plasma technologies is summarized in Table 6. [& —_/]

Plasma can be classified based on the gas temperature. In wave-
thermal (equilibrium) plasma, the temperature of the excited guide
electrons (T.) is the same as other heavy neutral particles (T,)
ranging from 1000 K to 10000 K.**®*° In non-thermal (cold)
plasma, gas temperatures (T,) are in the range of 300-500 K C) | I |out
(To « T.). Finally, warm plasma refers to processes with high

gas temperatures (1000-7000 K), but with a significant degree
of non-equilibrium (7, < T.). In addition to gas temperature,
the plasma process can be further classified based on the type
of discharge (Fig. 17), such as arc plasma, dielectric barrier
(DBD), corona, glow, spark, microwave plasma, or gliding arc
discharge.'®>'8¢

The thermal plasma method for methane pyrolysis was
initially developed for conversion of methane to acetylene or
ethylene with hydrogen as a by-product. The maximum theore-
tical yield for acetylene occurs at temperatures between 1427-
1727 °C (Fig. 18). To enhance selectivity for acetylene or
ethylene, quenching is used to prevent further dehydrogena-
tion and carbon black formation, a kinetically limited process.
Huels and Dupont have demonstrated a methane thermal
plasma process for higher hydrocarbon production on an
industrial scale.’®>?°* The Huels process uses electrical energy
to reform methane-hydrogen mixtures, followed by water spray
quenching to cool the product, with reported acetylene yields of
50% and conversion efficiency of 70%.°* The Dupont process,
similar to Huels, featuring a magnetically rotated discharge,
improved yields to 65-70%.%%

In the last few years, there has been a shift in the use of
thermal plasma for methane pyrolysis to focus on hydrogen
production.'®*'%* Research has primarily aimed at optimizing

2764 | Energy Environ. Sci., 2025, 18, 2747-2790

I lin

Fig. 17 Commonly used plasma reactors for gas conversion: (a) dielectric
barrier (grey = inner and outer electrodes, blue = dielectric surfaces), (b)
microwave plasma, (c) gliding Arc discharge in standard configuration, and
(d) arc plasma, Reproduced from ref. 201 with permission from the
American Chemical Society (open access), copyright 2018.

operating temperatures to balance energy efficiency and hydro-
gen yield. Arc plasma, powered by AC or DC, is commonly used
with plasma gases like Ar or N, for stable operation. Fulcheri
and collaborators, in partnership with Monolith Materials,
have developed arc plasma reactors.'®*2°72% In a recently
published study, they demonstrated a plasma reactor with a
3-phase AC power supply, operating at 1727 °C, achieving
nearly complete methane conversion (>99%) and hydrogen
yields of 96-99%. Monolith Materials Co. utilizes H, as plasma
gas to heat up the CH,; to produce carbon black. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 18 Equilibrium diagram for decomposition of 1 mol of methane
versus temperature including carbon, Reproduced from ref. 206 with
permission from the American Chemical Society (open access), copyright
2002.

commercial methane pyrolysis units will be discussed in Sec-
tion 6. Kim et al. optimized a hybrid direct current (DC)-radio
frequency (RF) thermal plasma reactor for hydrogen
production.”™® Their results showed methane decomposition
begins above 327 °C, with stable hydrogen and solid carbon
production occurring between 1227-2227 °C. At higher tem-
peratures, hydrogen molecules dissociate into atoms, increas-
ing C,H, selectivity.

As mentioned earlier, since the C,H, decomposition to
hydrogen and carbon is a kinetically limited process, the
process is sensitive to the feed flow rate and the use of a
quenching gas. The flow rate of CH, is used as tool to optimize
residence time and methane conversion. For instance, Fincke
et al. demonstrated this using a combination of longer reactor
length (12.7 cm to 61 cm) and a decrease in methane flow rate
(121 L min~" to 90 L min~"), resulting in a 6-fold increase in
hydrogen and carbon yields (4.7% to 30%).>'* Similarly, Lee
et al. demonstrated that lowering methane flow rates from 80 L
min~* to 50 L min~?, led to an increase in methane conversion
from 66% to 96%, but with limited impact on hydrogen
selectivity."®> In contrast, increasing quenching gas (N,) flow
rate from 100 L min " to 200 L min*, had limited impact on
either methane conversion or hydrogen selectivity due to the
naturally high quenching rate in the triple DC thermal plasma
reactor. However, faster quenching rates can enhance acetylene
selectivity by stabilizing intermediate radicals. Li et al. demon-
strated that increasing the quenching gas flow rate from 0 to
20 L min ™" raised acetylene selectivity from 48% to 75% while
reducing hydrogen selectivity from 24% to 12%.>"?

Different feed compositions impact hydrogen selectivity and
conversion in thermal plasma systems. Li et al. showed that
pre-mixing methane and argon before fed into a plasma torch
is more effective with higher methane conversion rates of ~95-
99%, and a maximum acetylene selectivity of ~79%, compared
to injecting methane after the torch outlet (conversion: 60—
75%; maximum acetylene selectivity: 70%).>'> This was due to
the higher temperatures and longer residence times achieved
with the pre-mixing strategy. However, hydrogen selectivity was

This journal is © The Royal Society of Chemistry 2025
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not reported for the pre-mixed case, suggesting negligible
hydrogen production.

Cold plasma has also been used for methane pyrolysis and is
commonly demonstrated in a DBD plasma reactor. A DBD
reactor consists of two electrodes separated by a dielectric
barrier, typically in a cylindrical configuration, operating at
low power (watts) and ambient pressure. However, unlike other
pyrolysis methods, cold plasma focuses on methane coupling
to produce C,, compounds rather than hydrogen. Xu et al.
demonstrated a cylindrical DBD reactor for methane conver-
sion, achieving ~25% methane conversion, ~36% hydrogen
selectivity, and ~42% C,Hg selectivity."®” Both methane con-
version and hydrogen selectivity increased as a function of
residence time and discharge power but came at a cost of
reduced energy efficiency. The effectiveness of DBD cold
plasma reactors for methane coupling was also demonstrated
by Wang et al., reporting 25% methane conversion and 80%
total C, + Cy selectivity.213

To improve low conversion rates in DBD reactors, packing
materials and catalysts have been employed. The low gas
temperature of the cold plasma in DBD reactors allows the
use of catalysts without sintering. Kim et al. used alumina in
the packing bed of a cylindrical DBD reactor operating at
atmospheric pressure, to increase non-catalytic methane con-
version rates from 20% to 60% and increase selectivity of C,
products such as ethylene and acetylene. The enhancement was
attributed to enhanced electric fields with the use of dielectric
alumina. Alumina has also been used as a support for catalysts
such as Pt Cu/Zn,**® Pd,**® and Ni*'’ for cold plasma
pyrolysis in DBD reactors. However, all of these studies primar-
ily focused on increasing selectivity for C, and C; products via
methane coupling.

In addition to thermal and cold plasma technologies, there
have been efforts to conduct methane pyrolysis in a warm
plasma with gas temperatures ranging in thousands of Kelvins,
but with a significant degree of non-equilibrium. The two
common discharges are based on microwave plasma (MP)
and gliding-arc plasma (GAP). In an MP reactor, the plasma is
generated by supplying energy using waveguides, typically at
2.45 GHz or 915 MHz. Studies by Onoe et al.,>'® Heintze et al.>*°
and Minea et al.”*® on MP reactors, have shown that adjusting
input power and pressure can control reaction temperature and
influence the product distribution in methane pyrolysis. At low
pressure and power, conversion rates are lower, with high
selectivity for C, products. Higher pressures and power create
a more constricted plasma discharge, resembling thermal
plasma, and increase hydrogen and carbon selectivity. Cho
et al. demonstrated this effect, achieving high CH, conversion
(>99%) and H, selectivity (60-85%) with input powers of
1-5 kW compared to previous studies operating at lower
wattages.>*!

Jasinski et al. also demonstrated the application of a micro-
wave plasma at operating powers of 1.5-5 kW for high-
efficiency hydrogen production from methane pyrolysis.>*>*>®
Using pure CH, in a swirl inlet feed, they achieved ~99%
conversion, ~100% H, selectivity, and an energy yield of
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~381 gy, kW h™". The swirl flow pattern shielded the reactor
tube from the plasma’s hot core and increased methane
residence time in high-temperature regions, enhancing
performance compared to CH, mixed with N,, which
resulted in ~13.2% conversion, ~96.8% H, selectivity, and
~74 gy, KW h™". The energetic mass yield of 381 gy, kW h™"
surpassed other methods, such as gliding arc methane pyro-
lysis (40 gg, kW h™") and water electrolysis (21 gy, kW h™').>*
In addition to optimizing hydrogen production yields, Tsai
et al.”** and Singh et al.** also demonstrated the use of MP
reactors for obtaining high-value carbon with graphite-
rhombohedral and graphene structures, respectively.

In addition to the MP reactor, the GAP reactor has also
widely been studied for methane pyrolysis in a warm plasma. In
the conventional GAP reactor, a plasma discharge is initiated at
the narrowest gap between the ‘knife’ shaped electrodes, and it
glides up until quenched by the increasing electrode distance.
The concept of the GAP reactor is credited to A. Czernichowski,
who demonstrated GAP reactors operating from 0.16 atm to
1 atm with input power up to 2 kW.??® Methane conversion of
up to 34% was achieved with acetylene being the major product
(selectivity: 70-90%). Indarto et al. demonstrated the positive
impact of adding Argon or Helium to the methane feed gas in a
GAP reactor.’® For pure CH,, a maximum conversion of
45% and H, selectivity of 40% was achieved. With Ar or He
addition at a constant total gas flow rate, methane conversion
and H, selectivity increased to 60% and 70%, respectively.
This was attributed to the existence of meta-stable argon or
helium in the plasma system which possibly increases the
number of energetic unstable species available to react with
methane.

Like thermal arc plasma reactors, the feed composition also
impacts methane conversion in GAP reactors. Zhou et al. used
H,/CH, mixtures as feed gas and were able to increase methane
conversion from 25% to 40% when the H,/CH, ratio was varied
from 1.5 to 7.2*” However, the introduction of H, did not
impact product distribution, maintaining C,H, selectivity
>90%. Improved hydrogen selectivity using GAP reactors was
demonstrated by Zhang et al. using a mixture of CH,/N, as feed
gas in a rotating gliding arc plasma reactor.'®® The highest
methane conversion (~90%) and H, selectivity (~80%) were
achieved for a CH,/N, molar ratio of 0.1. At higher ratios, both
methane conversion and H, selectivity decreased, attributed to
a reduction in gas temperature.

In summary, plasma reactors for methane pyrolysis yield
diverse results depending on process conditions such as gas
additions, feed flow rates, input power, and temperature.
Interest in plasma pyrolysis has surged due to CO, concerns
and growing hydrogen demand, a trend likely to continue with
industrial shifts toward hydrogen. Based on current published
research, thermal plasma technologies look most promising for
hydrogen production with the best hydrogen yields. However,
the energy and costs of hydrogen production via this process
will eventually dictate its viability. The reported costs are
detailed in Section 5, and industrial advancements are sum-
marized in Section 6.
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3.3. Hybrid molten metal/metal-salt methane pyrolysis

Molten metals (Pb, Sb, Bi), molten metal alloys (Ni-Bi, Cu-Bi),
and molten salts (KBr, NaBr, NaCl, MnCl,, KCI) are gaining
interest for methane pyrolysis.>*® The insolubility of carbon
particles in molten metal and their lower density allows for
easier separation as they float on top. As shown in Fig. 19, in
this configuration the natural gas feed is supplied to a reactor
operating at 900-1200 °C and containing molten metal media.
As the bubbles rise in the reactor, catalytic and non-catalytic
methane pyrolysis reactions can occur on the surface and
within the bubbles.>?*?*° These molten metal systems can be
designed in either a bubble column or plug reactor configu-
ration with molten metal recirculation pumps to centralize the
heat source, improving efficiency.

According to several experimental and theoretical studies,
the reaction in bubble reactors comprises (1) non-catalytic CH,
conversion due to the high temperature proceeding inside the
gas bubbles, and (2) catalytic reaction taking place in the
contact area (bubble surface) between the gas and liquid
phases.?**

The performance of bubble reactors depends on factors like
the size of bubbles (Dy,), gas holdup (), superficial gas velocity
(v), surface tension (o), viscosity (u), density (p), and reactor
design playing pivotal roles.?*>*** Based on the literature the
orifice size, velocity, and surface tension of liquid have a direct
correlation with the initial bubble diameter while the density of
molten media has an inverse effect on the initial bubble

diameter. A larger bubble diameter will reduce the gas-liquid
contact area, lowering catalytic conversion, as shown in Fig. 20.

Studies on bubble size after the orifice and along the reactor
length highlight its importance.>***! Serban et al. found that
smaller feed tubes (1/16 vs. 1/4 in) reduced bubble size 10-fold,

increasing methane conversion 5-fold due to better heat trans-
242

fer with molten Sn.”™* Mott metal spargers outperform feed
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Fig. 19 The schematic diagram of the bubble reactor for methane
decomposition.
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Fig. 20 The effect of bubbles’ surface area on methane conversion in gas
and surface phases reaction, Reproduced from ref. 234 with permission
from the Elsevier, copyright 2021.

tubes, achieving methane conversion near equilibrium limits
(87% at 750 °C).

Tate’s law (eqn (3)) studied in 1864, states that bubble
diameter depends on the orifice diameter and liquid
properties.>*® Akita and Yoshida (1974) identified orifice size
and gas velocity as the key factors influencing bubble size
(eqn (4)).>*® Mori in 1979 (eqn (5)), expanded on this, incorpor-
ating molten medium properties, orifice diameter, and gas
velocity, which has been widely used in subsequent
studies.>*****> The gas velocity not only impacts the bubble
size, but also gas-liquid contact time and exposure to high
temperatures. Geifdler et al. showed that increasing gas velocity
from 50 mL min~" to 150 mL min~ " reduced methane conver-
sion from 32% to 21% at 1000 °C.>*°

3(7Dorle]2
dpo = 2| —F= 3
o0 { 4p\g ()
2
Vo
dpo = 1.88 | —= 4
Dorf‘ODg:| @

1/6

Do 2 1.734

dio = 0.01 [(1066"/)1;”) +0.0242<107QgD2}5f,0D) }
()

The variables Do, Qg Vo, and g in eqn (3)-(5), represent
orifice diameter, gas flow rate, gas velocity, and gravitation
acceleration. The OD, ID, and [ subscripts correspond to outer
diameter, inner diameter, and liquid. Another key factor is gas
holdup which can be defined as the volume fraction of gas
in the total volume of the gas-liquid phase.**” A smaller gas
hold-up requires a larger reactor volume given the same hydro-
gen production rate, methane conversion, and reaction
temperature.

An equation developed by Kataoka and Ishii estimates that
gas holdup is directly related to gas velocity, gas density, and
liquid viscosity, while indirectly associated with surface tension

This journal is © The Royal Society of Chemistry 2025
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and liquid density.>*® The gas holdup throughout the reactor
will be proportionate to the CH, conversion efficiency due to
mole creation. Von Wald et al.>” suggested limiting gas holdup
at reactor entrance to 12.5-25.0% of value at the reactor exit,
even with 100% CH,-to-H, conversion.

The catalytic activity of molten metals plays a key role in CH,
decomposition, with performance summarized in Table 7.
Upham et al. explored methane pyrolysis by flowing a CH,-Ar
mixture (2.25 sccm Ar, 0.25 sccm CH,) over 38.5 mm® of
different molten metals.>*® As exhibited in Fig. 21, each pure
metal or alloy exhibits different hydrogen production
activity.230,2497251

Low-melting point (30 °C to 272 °C) metals show some
activity, in the order In <Bi < Sn < Ga < Pb with activation
energy only slightly lower than the non-catalytic route (422 kJ
mol ').?®* Adding active elements such as Ni and Pt signifi-
cantly improves the activity, proportional to the amount. The
alloy composition determines the surface tension, bubble
diameters, and catalytic activity. Interestingly, while Ni and Pt
have approximately the same intrinsic activity, Ni shows a
greater impact on hydrogen production activity in alloys. Cu
has also been used for a similar purpose to enhance the activity
of Bi, Ni, Sn, and Ga,>** with CuBi achieving the highest
conversion (68.4%) at 1160 °C, followed by CuNi, CuSn, and
CuGa.>*®

In a recent study, Chen et al. added Mo to the Ni-Bi alloy
with a composition of Ni (2.3 wt%) : Mo (1.3 wt%) : Bi (96.4 wt%)
and achieved a 37 times increase in hydrogen production rate
versus Ni-Bi at 800 °C.%°° However, the reaction was limited to
9.9% conversion under pure CH, flow with 10 cm molten alloy
height and 50% conversion under 10% CH, flow with 50 cm
reactor height. Different temperatures and molten alloy
volumes should be investigated to optimize conversion under
a high CH, flow.

Several researchers have combined solid catalysts with mol-
ten media by preparing a slurry in either powder or foam forms.
For example, Parkinson et al. demonstrated that the conversion
in a 190 mm column of NBr-KBr at 1000 °C more than doubled
when 0-5 wt% y-Al,O; was introduced and the activation energy
decreased from 246 kJ mol " to 128 kJ mol *.>** The decrease
in activation energy was linked to the catalytic activity of y-
Al,0O; compared to NBr-KBr. Additionally, the increased slurry
density and viscosity extended residence time, further improv-
ing conversion.

A promising development is the use of molten salts such as
MnCl,, NaBr, KBr, KCI, and NaCl for molten metal
pyrolysis.>**?*%* Their advantages include: (1) lower density
and melting point, facilitating circulation, and (2) higher water
solubility, aiding carbon separation. However, their high vapor
pressure presents challenges, often restricting use to a second
layer above molten metal. The elevated vapor pressure
increases system operating pressure, and prolonged evapora-
tion and condensation can block downstream equipment.>**

Several studies have investigated the impact of molten salts
on carbon purity. Using Ni-Bi alloy and molten salts (NaBr,
KBr, KCl) for methane decomposition reactions, Rahimi et al.
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Table 7 The performance of various molten metal, salt, and alloys in a bubble reactor with operation conditions

Activation energy

Feed flow rate Temperature (kJ mol™)
(scem), CH, (°C), pressure Reactor diameter (mm), Residence Conversion (pre-exponential

Molten components concentration (%) (bar) length (mm), volume (mL) time (s) (%) factor) Ref.
Nig.27-Big.73 10, 80 1000, 2 12, 80, 9.04 — 15 208 (7.88 x 10° cm s~ %) 249
Nig »7-Bio.73 10, 80 1065, 2 30, 1.1 (m), 777.15 95 208 (7.88 x 10° cm s~ ') 249
NaKCl 20, 100 1000, 1 25, 115, 56.42 0.5 4.5 301 (6.5 x 10'°s7Y) 55

Fe(3%)/NaKCl 20, 100 1000, 1 25, 115, 56.42 0.5 9.5 171 (5.7 x 10° s 1) 55

NaCl-KCl 100, 100 900, — 27, —, — — 12.6 — 252
2 g Ni foam/150 g NaCI-KCl 100, 100 900, — 27, —, — — 14.0 — 252
10 g Ni foam/150 g NaCI-KCl 100, 100 900, — 27, —, — — 18.0 — 252
20 g Ni foam/150 g NaCI-KCl 100, 100 900, — 27, —, — — 16.5 — 252
Te 10, 70 980, 1 12, 70, 7.91 0.5 20 166 (4.9 x 10°s™1) 251
Nig.»7-Teg.3 10, 70 980, 1 12, 70, 7.91 0.5 16 193 (1.8 x 10" s 1) 251
Nig.5-Teo 5 10, 70 980, 1 12, 70, 7.91 0.5 10 223 (4.7 x 10°s7 1) 251
Nig.,7-Big 73 10, 70 980, 1 12, 70, 7.91 0.5 4 208 (6.5 x 10° s 1) 251
NaCl 10, 70 980, 1 12, 70, 7.91 0.5 1 374 (3.9 x 10" s7Y) 251
Nig_»7-Big.73/NaBr (660/260) 10, 100 1000, — 22, 920, 349.545 5.3 37.5 — 253
Nig »7-Big.73/NaBr (660/260) 25, 100 1000, — 22, 920, 349.54 5.3 25 — 253
Nig »7~Big 73/KBr (110/240) 10, 70 1000, — 22, 350, 132.98 1.8 15 — 253
Nig_»7-Big.73/KBr 10, 70 1000, — 22, 350, 132.98 2.2 27 — 253
MnCl,(67)-KC(33) 20, 50 1000 (1050) 25, 115, 56.42 0.6 23 (42) 161 (1.05 x 10° cm s~ ') 230
MnCl,(50)-KCl(50) 20, 50 1000 (1050) 25, 115, 56.42 0.6 18 (35) 153 (4.00 x 10* cm s~ ') 230
KCl 20, 50 1000 (1050) 25, 115, 56.42 0.6 4(13) 300 (8.7 x 10° cm s™%) 230
MnCl, 20, 50 1000 (1050) 25, 115, 56.42 0.6 19 (36) 177 (6.3 x 10° cm s~ ) 230
NaCl 15, 100 1000 16, 180, 36.17 0.8 5.4 231 (2.2 x 10°s7) 254
KCl 15, 100 1000 16, 180, 36.17 0.8 5.2 236 (3.5 x 10°s71) 254
NaBr 15, 100 1000 16, 180, 36.17 0.8 4.3 277 (1.4 x 10 s7* 254
KBr 15, 100 1000 16, 180, 36.17 0.8 6.2 233 (1.3 x 10°s7 1) 254
GalnSn 9, 100 1300 — 1.36 80 — 255
Cu 500, 100 1160, 1 65, 65, 215.58 26 33.5 — 245
Bi 500, 100 1160, 1 65, 65, 215.58 26 67.4 — 245
Sn 500, 100 1160, 1 65, 65, 215.58 26 45.4 — 245
Cuy.¢-Big.4 500, 100 1160, 1 65, 65, 215.58 26 51.3 — 245
Cug,-Bigg 500, 100 1160, 1 65, 65, 215.58 26 68.4 — 245
Cuy,-Sng g 500, 100 1160, 1 65, 65, 215.58 26 41.2 — 245
CUy.975-Gag 025 500, 100 1160, 1 65, 65, 215.58 — 37.22 — 245
Sn 200, 100 1000 (1175) 45, 1050, 1669.1 — 21 (72) — 246
Sn 50, 100 1000 (1175) 45, 1050, 1669.1 4.9-32 32 (77) — 246
Sn 2000, 100 1000 (1200) 110, 140, 1329.8 — ~0(52) — 256
Cu, 5-Big 5 10, 80 1000, 1 40.5, 150, 0.7 56 222 (3.7 x 10 s71) 257
Ga 450, 50 1119, 1 36, 150, 150 0.5 91 — 258
Ga 450, 50 950, 1 36, 50, 50 0.2 74 — 258
NaBr-KBr 20, 100 850, —, 120, — 1 <1 160 259
NaBr-KBr/5 wt% MoS, 20, 100 850, —, 120, — 1 5.3 57 259
NaBr-KBr/5 wt% Al,O5 20, 100 850, —, 120, — 1 <1 124 259
NaBr-KBr 15, 100 1000, 1 26, 570, 302.47 2.5 18 240 (1.07 x 10" s 1) 234
5 wt% y-Al,O3/NaBr-KBr 15, 100 1000, 1 26, 180, 95.52 — 10.1 128 (2.2 x 10* s71) 234
NaBr-KBr 15, 100 1000, 1 26, 180, 95.52 — 4.3 246 (4.38 x 10° s ") 234
NiMo-Bi (2.3:1.3:96.4 wt%) 4, 100 800, 2 8, 10, 0.5 7.8 9.9 81.2 260
NiMo-Bi (2.3:1.3:96.4 wt%) 4, 10 800, 2 8, 10, 0.5 7.8 25 81.2 260
NiMo-Bi (2.3:1.3:96.4 wt%) 4, 10 800, 2 8, 30, 1.5 — 45 81.2 260
Non catalytic reaction — — — — — 423 (5.1 x 10™) 261

found that employing the second phase reduced metal con-
tamination from 83 wt% to 5 wt%.>** The concentration of
contaminants decreased with increasing height of the salt
phase layer. In another research, Parkinson et al. assessed
CH, decomposition in molten salts of NaBr, NaCl, KBr, and
KCI and applied deionized water washing.>** The CHNS analy-
sis revealed that carbon purity ranged from 55.8 wt% to 92.5
wt% (91.7-97.4 at%), with NacCl yielding the highest purity,
followed by NaBr, KCl, (Na, K)Br, and KBr.

Seo et al. investigated a two-layer reactor comprising molten
metal (NiBi) and salt (NaCl) with a total length of 10 cm.>**
As depicted in Fig. 22, metal/salt combination improved

2768 | Energy Environ. Sci., 2025,18, 2747-2790

conversion compared to the pure counterpart, reducing liquid
costs and highlighting the role of interface in methane conver-
sion. The catalytic activity is primarily attributed to the metal
layer, with a 9/1 metal/salt ratio yielding the highest conversion
(31% at 1000 °C). The beneficial impact of the second layer is
associated with its surface tension, following the order: KBr <
KCl < NaBr < NaCl. Furthermore, carbon analysis confirmed
higher purity with salt, alone or combined, versus metal.

The process of molten metal methane pyrolysis offers a
favorable method for producing hydrogen, mainly because it
simplifies the separation of carbon and avoids the problem of
catalysts becoming inactive. However molten metals are

This journal is © The Royal Society of Chemistry 2025
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Fig. 21 The activity of different pure metals and alloys for the methane
pyrolysis process. Adapted from ref. 249 with permission from The Amer-
ican Association for the Advancement of Science, copyright 2017.

corrosive and further research is required on reactor design,
construction, and to prevent the loss of molten media via
carbon product contaminated with liquid.

4. Carbon co-product

The mass ratio of solid carbon to hydrogen in methane pyr-
olysis is 3:1, making carbon co-product utilization crucial for
commercial viability. The common carbon types produced are
carbon black (CB),'®*"**?3* graphite,?*>?%” carbon nanotubes
(CNTs), and carbon fibers, as illustrated in Fig. 23. Keipi et al.
classified carbon products by operating temperatures:**® nano-
tubes at 600-1000 K, graphite-like carbons at 1000-1400 K, and
carbon black at 1400-2000 K.

The non-catalytic plasma metho is used for the carbon
black (CB) production because of the high temperatures gen-
erated by the plasma.'®**!' For non-catalytic methane pyroly-
sis, carbon growth happens through the small (0.1-1 nm)
polycyclic aromatic hydrocarbons (PAHs), containing 10 to 18
rings, which grow by incorporating C,H,.>”® These PAHs collide
via van der Waals forces, forming clusters (1-10 nm) that
merge into larger nanodroplets and eventually crystallize into
nanoparticles (10-1000 nm). A range of factors, such as the

d269

w
o

View Article Online

Review

conditions of temperature and pressure, the type of initial
carbon sources, and the levels of hydrogen and oxygen, signifi-
cantly affect the properties of the carbon black produced.

As summarized in Table 8, CB with an average price of $1 per
kg is the cheapest industrially produced nanocarbon. In com-
parison, the price of industrial multi-walled nanotubes is in the
range of $400-450 per kg and graphene nanoplatelets range
from $450-15 000 per kg.>”>*”*> The global consumption of CB
in 2019 was around 13.7 Mt, and currently, the major use of CB
is as a pigment and reinforcing phase in rubber, plastics, and
tire industries.””>*”* CB is also used in SiC production, electro-
nic devices, power cable shielding and thermal insulation.
Emerging applications include environmental remediation
and renewable energy harvesting, particularly for batteries, fuel
cells, catalysis, solar cells, and as an adsorbent for purification
systems.>”® Estimates show an annual growth rate of 4.8% for
the global carbon black market from 2023 to 2030, with an
anticipated value of USD 31.04 billion by 2030.>”°

Graphitic carbon is also experiencing increasing market
demand. Natural graphite trades at a price >8 $ per kg while
the cost of battery-grade synthetic graphite is approximately
20 $ per kg.””® A two-fold increase in demand is expected by
2028 compared to 2018, driven by graphite demand for Li-ion
anode battery applications.*®* Currently, it is estimated that
graphitic anodes in Li-ion batteries contribute 10-15% of the
raw material cost.”®” The rise in battery use through energy
system electrification will further boost demand for graphitic
carbon.

Molten metal pyrolysis is an attractive route for the produc-
tion of graphitic carbon. Ji et al. evaluated the performance and
capacity of various carbons derived from molten salt bubble
columns in Li-ion and Na-ion cells.”?®® Salts containing FeCl;
and MnCl, produced more graphitic carbons, as confirmed by
Raman spectroscopy, and showed the highest capacities of 272
mA h g~ (FeCl;) and 233 mA h g~ (MnCl,) in Li-ion half cells.
However, the impact of contamination by metals and salts on
battery performance needs further investigation.

The microwave-assisted method (at medium temperature) is
another way to produce pure graphite.'” Dadsetan et al. inves-
tigated this approach using a fluidized bed reactor filled with
granular carbon.”® Semi-graphitic carbon was obtained that
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Fig. 22 The influence of molten media on methane conversion, Reproduced from ref. 264 with permission from Elsevier, copyright 2023.

This journal is © The Royal Society of Chemistry 2025

Energy Environ. Sci., 2025, 18, 2747-2790 | 2769


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee06191h

Open Access Article. Published on 14 February 2025. Downloaded on 3/6/2026 5:19:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Temperature (K) Plasma (High
Temperature)

2000 .

View Article Online

Energy & Environmental Science

Activated
Carbon

600
N | Ni Catalysts
g | ! Nano el
= Tubes | | - Fib
Co Catalysts (NT) ~~. ibers
Fe Catalysts
Carbon
Ni Catalysts . Product
: Types Activated
Microwave-
Carbon
Assisted with
Catalyst Multi Amorphous
- Wall 1 | ol ~—— Carbon Black
NTs | | Irregular
5 4 Carbon ~
(semi) Co Catalysts
- Graphite
Microwave- Carbon / Molten Media
Driven with (Moderate
Granular Carbon Temperature)

Fe Catalysts

Fig. 23 Carbon products variety based on the methane pyrolysis method and condition, adapted from ref. 261 with permission from the Elsevier,

copyright 2016.

Table 8 The price of carbon materials

Carbon types Price ($ per kg) Global market size (thousand metric tonnes per year) Ref.

Carbon black 0.75-1.10 14 000-16 400 276 and 277
Natural graphite® 2-11¢ 1700° 278-280
Synthetic graphite 7-20% 2100 278, 280 and 281
Petcoke 3-25 460-3800 282 and 283
Activated carbon 1.25-2.01 5.8 281 and 284
MWCNT? 400-450 <15 271 and 285
Single NT 77 000-300 000 <2 285 and 286
Graphene nanoplatelets 450-15 000 <1 272

“ Coated spherical graphite for anode in a lithium-ion (Li-ion) battery. ? Industrial-grade multi-walled carbon nanotube. ¢ Total graphite market

size.

showed 75% initial coulombic efficiency and ~200 mA h g™*
specific capacity. Beyond battery applications, these carbons
can be used in steelmaking to replace metallurgical coke and
enhance slag foaming in electric arc furnaces (EAFs).”*° Addi-
tionally, further processing can prepare them for graphene
production.>®*

Carbon nanotubes (CNTs) are a valuable by-product of
methane pyrolysis with applications in water purification,
reinforcement materials, nanoelectronic devices, gas storage,
sensors, and biotechnology.?*>?%* CNTs are typically produced
through catalytic routes using metals like Ni, Co, and Fe under
conventional or microwave heating.'”” Low-temperature condi-
tions are required to produce CNT, so a catalyst is essential to
increase conversion. Jiang et al. studied Ni-Pd and Ni-Cu
catalysts supported over CNT at 550-600 °C, reporting simulta-
neous production of H, and multi-walled carbon nanotubes
(MWCNTs).'”*

Two primary mechanisms have been proposed to describe
CNT formation over a catalyst, as depicted in Fig. 24.>°*7°° The
metal-support interaction is the first effective parameter: (a)

2770 | Energy Environ. Sci., 2025, 18, 2747-2790

robust metal-support interaction results in base-growth
mechanism, (b) and weaker interaction leads to tip-growth.>®”
In the base-growth mechanism, carbon is formed over catalyst
particles, allowing regeneration.>*® In the tip-growth scenario,
the carbon formed on the surface diffuses towards the rear
side, leading to the leaching of the catalyst particles.>®> Lobo
et al. linked the initial nucleation process to the growth
mechanism,>*® with tip growth occurring when CNT nucleation
starts between the catalyst and support, and base growth when
nucleation begins on unsupported particles.

Catalyst particle size also influences growth mechanism.?*
Gohier et al.’s research on Co, Fe, and Ni indicated that particle
diameters less than 5 nm resulted in base growth, while
diameters > 15 nm led to tip-growth.*** Temperature gradients
from exothermic methane decomposition and endothermic
carbon deposition promote carbon diffusion, and the high
surface energy of metals may influence graphene plane deposi-
tion and upward lifting as more carbon deposits form.**>

Various computational techniques, such as density func-
tional theory, Monte Carlo, classical and quantum molecular

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee06191h

Open Access Article. Published on 14 February 2025. Downloaded on 3/6/2026 5:19:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

@ \C 5y / Growth stops
C-
«
kg
Metal
[Support | [ G |
(b)
CxHy CxHy
DAY~y I
[_Support | [ {] | (il |

Fig. 24 Two types of carbon nano tubes deposition mechanisms includ-
ing (a) tip-growth mechanism and (b) base-growth mechanism, Repro-
duced from ref. 294 with permission from the Royal Society of Chemistry,
copyright 2015.

dynamics simulations, and thermodynamics, have been
employed to investigate these two growth modes.****°> Despite
progress, further research is necessary to gain a comprehensive
model is needed to develop a comprehensive model. Describing
previous studies in this manner is out of this paper’s scope but
Chen et al. recently reviewed these simulations and models
thoroughly.>*®

In conclusion, carbon production from methane pyrolysis
presents a compelling opportunity. The versatility of carbon
products from carbon black for tires and printing inks to
graphene for electronics and composites, highlights its
potential across diverse industries. However, carbon produc-
tion from large-scale methane pyrolysis is unlikely to be accom-
modated by the current market. In contrast, small-scale
methane pyrolysis offers a more practical alternative, aligning
production with market capacities and regional needs. This
decentralized approach enables local distribution of both
hydrogen and carbon products, optimizes resource use, and
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mitigate the risk of excess carbon production, making methane
pyrolysis a more sustainable and adaptable technology.

5. Technoeconomic assessment

The economic feasibility of any emerging hydrogen production
technology is pivotal to its success. Consequently, techno-
economic analyses (TEA) of various methane pyrolysis methods
have garnered significant attention in recent literature. These
studies delve into several key factors, such as capital expendi-
ture (CAPEX) and operational expenditure (OPEX). These
include reactor and equipment costs, natural gas prices, heat-
ing sources (e.g., electricity), carbon taxation, and the market
value of solid carbon. These evaluations are essential for
assessing the viability of methane pyrolysis processes on var-
ious scales. Since 2017, TEA for various methods, including
catalytic process, molten media, plasma reactors, and thermal
decomposition, have been conducted. The TEA results for
different routes, adjusted to 2023 USS$, are summarized in
Table 9.

Recent TEA studies on methane pyrolysis have focused on
the catalytic route, emphasizing the challenges of coke for-
mation, which deactivates catalysts, increases pressure drop,
and causes reactor blockages. To address this, two approaches
are proposed: burning coke to regenerate catalysts and produce
heat, as discussed by Muradov,'®* though this generates GHG
emissions, or continuously feeding fresh catalysts while dis-
posing of deactivated ones.”’”?°” Lane et al. also proposed a
process involving partial oxidation to generate the required
reaction heat.>*® These studies utilized a fluidized bed reactor
to design the catalytic methane pyrolysis process.

The average annualized CAPEX per kilogram of hydrogen
produced, calculated using eqn (6) and eqn (7), (where 7 is
discount rate and n is lifetime), ranges from 0.13-0.88 $ per
kgyy,.'**?77*% The lowest CAPEX is associated with the highest
production rate (71 kt per year), benefiting from economies of
scale. While the CAPEX is relatively small and comparable to
natural gas reforming (0.5-0.7 $ per kgp,), the cost associated

Table 9 Summary of techno-economic results for different methane pyrolysis methods

Production scale CAPEX Annualized CAPEX OPEX LCOH

Process type (t, per year) (MS$) (MS$ per year) (MS$ per year) ($ per kgy) Ref.
Ni catalyst — 33.6 50.6 144.9 — 307
Solid catalysts 71000 105.9 9.4 136.1 2.4-3.2 277
Ni catalyst 4928-50229 36.9-201.3 4.3-23.6 — — 308
Carbon catalyst 32809 — 17.8 89.9 — 136
Thermal 140729 462.0 61.8 241 1.64 309
Thermal 787 5.9 0.9 1.1 3.52 310
Thermal — 321.7 47.9 143.6 — 307
Ni-Bi MM 24530 142.9 12.7 — 2.76 233
K-Cl MM 23652 421.5 32.4 53.4 — 311
Ni-Bi MM 10400 33.1 5.6 20.1 2.00 57

Ni-Bi MM 100000 461.6 50.8 161.0 1.76 312
Ni-Bi MM 200000 783.9 86.4 361.4 2.18 313
Electron beam plasma 72000 865.4 111.8 204.3 2.83 314
Plasma 699 14.1 — — 7.00 315
MM-plasma 215 21.8 2.2 6.0 1.30 316
This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 2747-2790 | 2771
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with catalyst replacement and feedstock for methane pyrolysis
is significant. Fig. 25 shows cost breakdown compiled from
different studies, with methane feedstock contribution at 60-
66%, catalyst costs at 24-25%, and utilities at only 5-6%. The

overall cost of hydrogen is reported to be between 2.3-3.4 $ per

277,317
kgHz' ’

The importance of catalyst separation and regeneration was
discussed in depth by Zhang et al. for a catalytic methane
pyrolysis plant based on a fluidized bed reactor coupled with a
hydrogen fuel cell to generate electricity.>”” The levelized cost of
electricity (LCOE) increases from 177 € per MW h (with catalyst
reactivation and carbon byproduct sales) to 356 € per MW h
(without catalyst recycling or carbon sales), highlighting impor-
tance off catalyst recycling for economic viability. However, a
key research gap in published literature is related to detailed
assessment of the impact of catalyst performance on the CAPEX
and OPEX of the methane pyrolysis process. Finally, future TEA
studies could also look into the potential costs of integrating
CO, capture units into catalytic methane pyrolysis plants,
particularly if methane is utilized to provide energy.
i(1+4)"

CRF = ——/—
(1+4)"-1

(CRF = Capital Recovery Factor) (6)

Annualized CAPEX($ per year)

)
= TCI ($) x CRF(TCI = Total Capital Investment)

The TEA for thermal pyrolysis of methane at 1400-1500 °C
has also been reported in a couple of studies. Keipi et al.>'°
incorporated a circulating bed reactor for small scale

60.7 - 66.6 %

u Methane Feed Cost ® Annualized Capital Cost

u Catalysts Cost B CO, Sequestration Cost

m Utility Cost

Fig. 25 Breakdown of the cost contribution for catalytic methane pyr-
olysis, reproduced from ref. 277 with permission from the Elsevier, copy-
right 2021.
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production of 0.8 kty, per year while Okeke et al.**® employed
a furnace reactor with bottom combustion heat for large-scale
production of 140 kty, per year. He annualized CAPEX was
0.44 $ per kgy, for large-scale and 1.22 $ per kgy, for small-scale
production.**?'° While the reported CAPEX for thermal pyr-
olysis is higher than catalytic routes, the OPEX is lower at 1.45-
1.71 $ per kgy, versus 1.92-2.3 $ per kgy, due to the absence of
catalyst regeneration or supply requirement.>””*%*3* Okeke
et al. also considered various design scenarios, such as air/
oxygen-fired methane for a heat source or air/oxygen-fired
carbon black as the heat source.>*® Since the primary purpose
of methane pyrolysis is utilizing NG in a low-emission route,
this requires the use of CO, capture and air separation units
because when the carbon is combusted in the absence of a
capture unit these methods release significant GHG’s
(11.2 Kgco, kgu, '), higher than those from SMR. The calcu-
lated after-tax minimum hydrogen selling price for the four
scenarios was between 1.98 $ per kgy, to 3.15 $ per kgy,, with
the lowest cost for O,-fire carbon black with carbon capture.®*
In contrast at smaller production scales, Keipi et al.*'® esti-
mated 3.52 $ per kgy,, reducible to 2.63 $ per kg, with the
addition of a gasifier to produce more hydrogen from carbon
byproducts.

TEA studies on bubble reactors show promise due to their
ability to continuously remove solid carbon. The annualized
CAPEX for the molten media method was reported to be 0.43-
0.54 $ per kgy, for production rates of 10-200 kty, per year,
indicating a linear relationship between CAPEX and production
rates.?”?33312313 Thig contradicts industrial norms, where
CAPEX share decreases with increased capacity, likely due to
uncertainties in bubble reactor design and cost estimation.

Ni-Bi, identified as a high-activity molten media for
methane pyrolysis,>*® was commonly used in these studies,
with OPEX ranging from 1.61-2.26 $ per kgy,. It was observed
that the source of heat substantially influences the operational
cost. For instance, Parkinson et al. demonstrated 2.18 and
1.76 $ per kgy, for 200 and 100 kty, per year production
capacity, respectively, since the latter design considered
methane combustion instead of electricity for energy
supply.>'**'* The LCOH ranged from 1.83 to 2.76 $ per kg,
while the lowest value was reported for the 100 kty, per year
production rate with a $0.15 per kg carbon sale.’” Molten media
type and metal loss rates are critical to process success. Von
Wald et al. showed 0.0001 wt% Ni-Bi contamination in solid
carbon raised hydrogen costs by 334%. Angikath et al. demon-
strated that using Ga and KCI-MnCl, can reduce reactor costs
by 61.3% and 23.8%, respectively, compared to Ni-Bi
reactors.”®® Future studies should explore alternative media,
energy supply scenarios, and the impact of varying conversion
rates to optimize the process.

The plasma method has also been explored in TEA
studies. Kerscher et al. employed an electron beam plasma
reactor requiring multiple electron beam accelerators, as
the largest commercial units operate within the range of 250-
560 kw,*'**'8 increasing CAPEX compared to other methods.
However, they assumed 100% conversion and selectivity toward

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee06191h

Open Access Article. Published on 14 February 2025. Downloaded on 3/6/2026 5:19:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

H,, resulting in omitting the PSA system in their design. While
future advancements may reduce CAPEX for electron beam
plasma reactors, the costs associated with PSA systems should
still be considered.

In another study, Tabat et al. designed an on-site hydrogen
production system using a molten multi-layer reactor (filled
with Ni-Br and Mg-Cl,) with a microwave plasma source.*'®
Their process incorporated a gasification reactor, a WGS reac-
tor, and a bio-methanation reactor to recapture CO, emissions,
achieving a low LCOH of 1.3 $ per kgy,. This was in contrast to
another study that reported higher LCOH values even without
the bio-methanation unit.**°

Regardless of the process type and specific reactor design
required, solid carbon sales (Fig. 26) are particularly impactful
for driving economic viability since carbon makes up 75% of
the product mass. For instance, Keipi et al. concluded that
carbon sales of 254-497 $ per t can make thermal pyrolysis
competitive versus SMR.>'° Parkinson et al. indicated that a CO,
cost penalty of 25.4 $ per t with a carbon sale at 182 $ per t
makes molten media pyrolysis cost-effective as SMR. NG price
also substantially influences the hydrogen cost due to the fact
that about 0.25% of feed gas mass is associated with hydrogen.
Von Wald et al. reported a 38% increment in LCOH when the
NG price was raised by 50%.>” Similarly, Brandon et al. found
that LCOH could rise by 25% and 29% when the feed cost
increases by 29% for energy supplied by NG and H, combus-
tion, respectively.”®® Utilizing hydrogen to generate heat
requires a higher feed demand (higher sensitivity to NG price)
for the process but it also reduces the CO, emissions.

To summarize, TEA studies indicate that OPEX has a more
significant impact than CAPEX for methane pyrolysis. This is
largely due to high feedstock costs and energy requirements.
Additionally, methane pyrolysis theoretically produces 2 moles
of hydrogen per mole of methane, compared to 4 moles in SMR,
making feedstock costs per unit of hydrogen higher in
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pyrolysis. Additionally, handling solid carbon brings additional
challenges for methane pyrolysis. Depending on the methods
employed, the importance of these parameters varies. Among
the different methods, the plasma reactor possesses the highest
OPEX at $2.83 per kgy,, highlighting its energy-intensive nat-
ure. Future TEA studies should aim to optimize operational
conditions for each method and evaluate production scales,
including on-site generation and centralized sites with
transportation costs.

6. Scale up and commercialization
efforts

The growing demand for hydrogen has encouraged several
companies and startups to explore different methods of
methane pyrolysis for low-emission hydrogen production
(Fig. 27). As mentioned earlier, plasma pyrolysis, the most
mature methane pyrolysis technology, includes the thermal
plasma arc process developed by Kvaerner and SINTEF.*'°
The process was tested on a pilot scale of 150 kW reactor
between 1992 and 1997, recirculated the hydrogen back. In
1999 a commercial plant was commissioned in Canada to
produce 20000 tonnes of carbon black per year. However, in
2002 the plant closed down because of technical and financial
difficulties.”®®

Monolith Inc., founded in 2013, adopted technology from
Kvaerner and demonstrated it at a pilot-scale (700 tonnes of
Chlack Per year) in 2014 at their facility in Seaport, California. In
2020, it commissioned its commercial plant in Olive Creek,
Nebraska to produce 14 000 tonnes of high-quality carbon black
per year.'®* Recently, the Department of Energy agreed to a $1
billion loan to Monolith to expand its Olive Creek facility,**°
enabling production of 180000 tonnes of carbon black and
60000 ty, per year, primarily for manufacturing 290 000 t per

Levelized cost of hydrogen ($/kg)
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Fig. 26 The impact of feed cost, internal rate of return (IRR), lang factor, carbon sale, carbon tax, lifetime, capacity, and electricity cost on the LCOH for
small-scale hydrogen production, reproduced from ref. 57 with permission from the Royal Society of Chemistry, copyright 2020.
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Fig. 27 Methane pyrolysis-based companies at various stages of technology development.

year of anhydrous ammonia on-site.****! The company had

also signed an agreement with Goodyear Tire & Rubber Com-
pany to utilize the carbon black to develop tires with a new
formulation.?**??* With proven commercial-scale technology,
Monolith’s process achieves a technology readiness level (TRL)
of 9. For cold plasma methane pyrolysis, TOMSK-GAZPROM is
the only known active company.*** Collaborating with univer-
sities in Tomsk, Siberia, they developed a microwave-heated
metallic catalyst bed where micro-discharges between catalyst
particles aid natural gas decomposition. However, this technol-
ogy remains at the laboratory scale.'”¢>%32¢

There are a few companies working on non-catalytic thermal
methane pyrolysis. BASF and partners are exploring an electri-
cally heated moving-bed reactor where carbon granules flow
counter to the gas. Methane pyrolyzes on the carbon granules at
1200-1400 °C, with the granules transferring heat and facilitat-
ing solid carbon collection. Funded by the Federal Ministry of
Education and Research (BMBF), research on the process was
conducted between 2010 and 2020 on a lab-scale, and currently
this project has been in the test plant stage since 2021 at BASF’s
Ludwigshafen site.*””

Ekona Power’s innovative technology uses pulsed combus-
tion and high-speed gas dynamics for non-catalytic methane
pyrolysis.®*® This process uses a pulsed ionized stream
from intermittent oxy-fired combustion of methane or
recycled hydrogen, introduced at high velocities, to mix with
methane and produce solid carbon and hydrogen. In 2022,
Ekona tested a reactor producing 200 kgy, per day in
British Columbia, Canada, and plans to commission a com-
mercial unit producing 1 ty;, per day in Alberta by 2024-2025.%%*

2774 | Energy Environ. Sci., 2025, 18, 2747-2790

The process uses minimal electricity, relying on unconverted
natural gas combustion for heat, leading to some GHG
emissions.

Among non-catalytic processes, to our knowledge, Aurora
Hydrogen is the only start-up that uses microwave technology
to obtain CO,-free hydrogen.**® The Aurora process uses carbon
as a microwave susceptor, and microwave energy to provide the
heat needed to break hydrocarbon chains. This results in an
extremely efficient process that uses 80% less electricity than
electrolysis. Aurora is currently constructing a 200 kgy, per day
demonstration facility in Edmonton, with plans to scale up
future facilities.>*°

For catalytic pyrolysis, the HAZER process by Hazer Group
stands out, producing hydrogen and high-quality graphite with
60% efficiency using iron ore as a catalyst in a fluidized bed at
850 °C.**! The reactor’s pressure, temperature, and mass flow
can be adjusted to manage the hydrogen production, the
quality of the pyrolytic carbon, and the catalyst material’s
deactivation. In January 2024, Hazer announced the commis-
sioning of their demonstration in Perth, Australia with a
capacity to produce 100 ty;, per year.>*> Hazer Group has also
announced a partnership with FortisBC, and Suncor Energy to
construct a methane pyrolysis plant in British Columbia
(Canada) to produce 2500 ty, per year.”** Finally, Hazer Group
also has recently signed a memorandum of understanding with
Chubu Electric Power and Chiyoda Corporation to prepare a
project development plan for a pyrolysis plant in Japan. This
project aims to produce 10 000 ty, per year in its first phase and
increase to 50000 ty, per year, and 100000 ty, per year in the
subsequent phase.**!

This journal is © The Royal Society of Chemistry 2025
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Finland-based Hycamite has also developed proprietary
catalysts to produce hydrogen, high-value graphite, and a range
of other electrically conductive carbon products suitable for
supercapacitors, electronics, and electric cables. Hycamite has
been operating a pilot plant since 2021 and has raised over €25
million to scale up the technology. Alberta based Innova
Hydrogen Corp. is a start-up company that uses a proprietary
catalyst and reactor that breaks down CH, with the help of high
temperatures and turbulence.*** Innova is operating a demo
facility in Calgary and is currently designing its first field pilot
for deployment in 2024/2025.

Molten media, which allow continuous carbon separation,
are being explored by several companies and institutes. C-Zero,
a startup from the University of California, Santa Barbara, is
focused on commercializing molten salt pyrolysis.***> The com-
pany has secured funding from Breakthrough Energy Ventures
(led by Bill Gates), SK Gas, Eni, Mitsubishi, and others. The
long-term plan is to produce 1000 kgy, per day at a targeted
production cost of 1.5 $ per kgy,, with a pilot plant of 400 kgy,
per day capacity set to be completed in 2024.3*¢*3” Their patent
shows that molten salt (any combination of K, Na, Mg, Ca, Mn,
Zn, La, or Li, with at least one of F, Cl, Br, I, OH, SO3, or NO3)
and molten metal (Ni, Fe, Co, Ru, Ce, MoC, WC, SiC, MgO, CaO,
Al, O3, MgF,, CaF,) are the primary media in their reactor to
transfer heat and accelerate methane decomposition.**®

VulcanX is another start-up focused on the use of molten
media at 900 to 1100 °C to decompose natural gas into hydro-
gen and carbon.**® The plug flow reactor incorporates a recir-
culating molten metal mechanism which maximizes heat
transfer rate and prevents blockage by the solid carbon. It
launched its activities in 2017 and completed a 1 kgy, per day
lab prototype in 2020. Having raised funding from Alberta
Innovates and other sources, they began designing and build-
ing a 55 kgy, per day pilot plant in 2021-2022. Long-term goals
include scaling production to 1-200 ty, per day at a cost of <$2
per kg H, with a targeted 70% reduction in GHG emissions
compared to SMR.>*°

7. Government policies and programs
to support clean hydrogen

Government policies can create a supportive environment by
setting clear targets for hydrogen deployment, funding
research, and establishing regulatory frameworks that lower
barriers for new technologies along the hydrogen value chain.
Incentives such as subsidies, grants, and tax credits reduce the
financial risks associated with emerging technologies, making
them more competitive.

In this section, we examine recent policies, investments, and
support mechanisms for hydrogen production and utilization
in North America, which could potentially be applicable to the
deployment of methane pyrolysis technologies. Canada and the
United States have passed legislation to support their low-
carbon hydrogen value chains, introducing incentives that
position commercial-scale hydrogen as a key to reducing

This journal is © The Royal Society of Chemistry 2025
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emissions. Both countries aim to expand hydrogen production
and transition from traditional SMR methods to cleaner alter-
natives, such as SMR + CCS, water electrolysis, and methane
pyrolysis.>*® Although they share these goals, each country
employs unique strategies to drive investment in low-carbon
hydrogen.

The United States announced its first-ever National Clean
Hydrogen Strategy and Roadmap in June 2023. This roadmap
was part of key initiatives and investments made under the
bipartisan infrastructure law (BIL) announced in 2021, US
Department of Energy is investing $9.5 billion in clean hydro-
gen, including $1 billion for electrolyzer development, $500
million to support the manufacturing of clean hydrogen equip-
ment and $8 billion for regional clean hydrogen hubs.**!

Through the Inflation Reduction Act (IRA), which was signed
into law in 2022, the United States provides either an invest-
ment tax credit (ITC) or hydrogen production tax credit (PTC).
The credits can be claimed for initial project capital costs or
operating costs based on the carbon intensity of hydrogen
produced. The IRA only classifies ‘clean’ hydrogen if the carbon
intensity is <4 kgco,eq. Per kgy, during its lifecycle, and PTC
increases as carbon intensity decreases. Clean hydrogen pro-
ducers could benefit by claiming up to US$ 3.00 per kgy, if the
hydrogen carbon intensity is less than 0.45 kg kg, ~'.>*! Alter-
natively, the IRA offers an ITC, in which up to 30% of the
eligible costs are claimable if the hydrogen carbon intensity is
less than 0.45 kg kgH;1 and wage and apprenticeship require-
ments are met.>*> The detailed information about these sup-
ports has been summarized in Table 10.34°34

Canada, on the other hand, outlined their hydrogen strategy
in 2020, with a vision of becoming a global leader in producing,
using, and exporting low-carbon hydrogen by 2050. The federal
government of Canada plans to invest approximately C$11.4
billion in tax credits for clean hydrogen, clean technologies,
manufacturing, and carbon capture, utilization, and storage
(CCUS) through 2027-28. Like the United States, Canada’s tax
credits only apply to hydrogen produced with a carbon intensity
<4 kgco,eq. PEr kgn, and the rates are at 40%, 25%, or 15% of
eligible costs depending on the carbon intensity.**°

The PTC in United States significantly larger because it
builds up over time-based on production rate over a 10-year
period, while Canada’s funding is a one-time payment at the
start. Allocating tax credits according to production rates would
be more effective, as projects vary in their capital and operating
cost balance. This approach is also beneficial for new-
technology projects that may not reach commercial operation;
in these cases, Canada incurs costs, but the U.S. does not.>*°

Table 10 USA clean hydrogen tax credits through IRA34°

Maximum investment tax
credit (% of project costs)

Production tax
credit ($ per kgy,)

Carbon intensity tiers
(Kgco,cq. Per kg,)

<0.45 $3.00 30%
0.45-1.5 $1.02 10%
1.5-2.5 $0.75 7.5%
2.5-4 $0.60 6%
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Another incentive that the federal government of Canada
has considered is the “Low Carbon Economy Challenge” fund,
which is a competitive program that aims at reducing GHG
emissions. This fund will provide projects with a technology
readiness level (TDL) of 1-7 (which includes methane pyrolysis)
between C$1 to C$25 million. Eligible projects include but are
not limited to carbon capture, low-carbon fuel production for
own use, zero-emission vehicle infrastructure and purchase,
and fuel transportation infrastructure.***

A key difference between the two countries is that while the
United States lacks a federal carbon tax penalty, Canada imposes
one of the highest carbon taxes globally. The Canadian carbon tax
framework sets a minimum national standard for carbon pricing,
allowing provinces to implement their own systems that meet or
exceed these standards. This includes a fuel charge and an output-
based pricing system (OBPS) that targets large industrial facilities.
Facilities covered by the OBPS pay a carbon price only on the
portion of their emissions that exceed a defined limit. As of 2024,
the tax is C$80 per tonne of equivalent CO, emissions, increasing
by C$15 annually to reach C$170 per tonne in 2030.>*°

In addition to supporting hydrogen production, the United
States Department of Treasury provides the ‘Alternative Fuel
Vehicle Refueling Property Credit,” which is a 30% tax credit for
installing infrastructure like hydrogen refueling stations,
capped at $1000 for individuals and $100 000 per property for
businesses.>*® In 2024, the US federal government announced
$90 million to support hydrogen refueling stations and infra-
structure in California, Texas, and Colorado.**’

Canada also provides support for hydrogen fueling stations
through the “Zero Emission Vehicle Infrastructure Program,”
allocating C$400 million in Budget 2022. This program shares
the same goal as the Canada Infrastructure Bank (CIB), which
created the “Charging and Hydrogen Refueling Infrastructure
(CHRI)” initiative and allocated a minimum of C$500
million.**® The goal is to deploy 50 000 new zero-emission vehicle
charging ports and hydrogen refueling stations by March 2029.
Charging and refueling stations installed within the first two years
are eligible for CIB financing, covering 65% of capital costs, while
installations in years three and four qualify for 50% financing. In
underserved areas, the CIB will finance up to 80% of eligible
capital costs. This program focuses on large-scale projects with
total eligible costs of at least $20 million.**® The total combined
funding for the Zero Emission Vehicle Infrastructure Program”
and the CIB’s initiative is C$1.2 billion.>*

In conclusion, both the US and Canada recognize hydrogen
as a crucial component in achieving their net-zero goals. Both
countries have implemented tax credits and incentives to
support hydrogen production, refueling stations, hydrogen fuel
cell vehicles, and related infrastructure, alongside carbon cap-
ture programs for existing plants.

8. Conclusion

Methane pyrolysis has emerged as a promising technology for
hydrogen production, offering a pathway to generate hydrogen
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with significantly reduced greenhouse gas emissions compared
to conventional methods. The integration of methane pyrolysis
into existing natural gas infrastructures can facilitate wide-
spread adoption, leveraging current assets and minimizing
new capital investments.

In this review, we have extensively discussed the various
technological approaches to methane pyrolysis, highlighting
the distinction between catalytic and non-catalytic processes.
Catalytic routes, while efficient in lowering the reaction tem-
peratures and enhancing hydrogen yields, face challenges
related to catalyst deactivation due to carbon deposition and
contamination of the carbon byproduct. Non-catalytic meth-
ods, although requiring higher temperatures, avoid complex-
ities related to catalysts and offer robustness for industrial
applications. Throughout the review, the technical feasibility,
efficiency, and environmental benefits of different methods
have been evaluated. The development of a commercial tech-
nology for low-GHG hydrogen production via methane pyrolysis
aligns with global CO, reduction goals. Additionally, the co-
production of valuable carbon solids such as carbon black,
graphite, and graphene present opportunities for developing
new materials and applications.

However, several challenges remain. The scalability of
methane pyrolysis technologies needs to be addressed to meet
the growing demand for hydrogen in various sectors, including
transportation, industry, and power generation. The mismatch
between size of hydrogen market relative to carbon market is
also a big issue. Developing large volume carbon products
would be critical. Additionally, economic barriers due to high
operational costs and the need for further technological
advancements to optimize process efficiencies and carbon
product utilization must be overcome. Furthermore, policy
frameworks and market incentives which are currently missing
are critical to supporting the commercial viability of methane
pyrolysis. Regulatory support for low-GHG technologies,
coupled with financial mechanisms such as carbon credits
and subsidies for clean hydrogen production, can significantly
enhance the attractiveness of methane pyrolysis.

Looking forward, the focus on research and development
will be crucial in addressing the technical challenges associated
with methane pyrolysis. Innovations in catalyst design are
needed to improve resistance to coking and enhance catalyst
longevity, reducing operational costs and increasing process
efficiency. Exploring novel reactor designs that can effectively
handle high throughputs and integrate seamlessly with regen-
eration and separation processes will also be vital. The
potential for integrating renewable energy sources with
methane pyrolysis processes presents an exciting avenue for
further reducing the carbon footprint of hydrogen production.
As the costs of renewable energy continue to decline, the
feasibility of such integrations will likely increase, making
methane pyrolysis an even more attractive option for sustain-
able hydrogen production. Moreover, the development of mar-
kets for carbon byproducts will play a pivotal role in driving
economic viability of methane pyrolysis. High-value applica-
tions for carbon solids, such as in battery technologies or

This journal is © The Royal Society of Chemistry 2025
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advanced composites, could provide significant revenue
streams that offset production costs and promote circular
economic models.

In conclusion, methane pyrolysis stands at the cusp of
significant growth, with the potential to play a key role in the
global transition to a NetZero future. Continued technological
advancements, supportive policy measures, and robust market
development for carbon byproducts will be essential in realiz-
ing the full potential of this promising technology.
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