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Key messages

e Developed and compared three methane pyrolysis processes for 50 tH»/day
e Levelized cost of hydrogen ranges from 2.30-4.30 USD/kg

e Carbon dioxide emissions range from 4.1-0.1 kgCO2/kgH>

Importance: Low-carbon and low-cost hydrogen is needed for deep de-
carbonisation

The future of energy systems presents some challenges in providing carbon-neutral and low-emission
fuels. Hydrogen is a fuel that can potentially bridge some of the energy system gaps in the transpor-
tation and industrial sectors (Brandon & Kurban, 2017; Sanchez-Bastardo et al., 2021). To date, hy-
drogen generation techniques have been limited, with most of its production coming from steam-
methane reforming (SMR); however, this technology exhibits a high carbon intensity of 9-14
kgCO2/kgH>, despite a low minimum cost of 1-2 USD/kgHz. (Incer-Valverde et al., 2023; Parkinson et
al., 2018; Timmerberg et al., 2020). Other potential technologies have been explored to generate
hydrogen more sustainably, such as electrolysis, which aims to produce clean hydrogen when its elec-
tricity is derived from low-carbon sources such as renewable energy, although its major drawback is
its high cost around 4-8 USD/kgH: (Incer-Valverde et al., 2023; Parkinson et al., 2018).

Besides SMR and electrolysis, other methods exist to produce hydrogen, one of which is methane
pyrolysis (MP). This process consists of thermally cracking the methane molecule to produce hydro-
gen and solid carbon (Koranyi et al., 2022; Marquardt et al., 2020). Solid carbon can be a valuable co-
product and removes the challenges of carbon dioxide capture, transport, and sequestration which
would be required with SMR. Energy input is needed to drive the process. The reactor itself needs
high temperature heat, and power is needed for gas conditioning and flow control. MP processes that
use methane or natural gas for heat input produce carbon dioxide due to combustion; mitigating
these emissions is possible with carbon capture or by using electrical heating.

This study analyzes three methane pyrolysis process designs: (1) gas heating, (2) gas heating and car-
bon capture, (3) electric heating. The key performance metrics are total levelized cost of hydrogen
and carbon intensity of hydrogen. A sensitivity analysis is performed on key parameters including
possible revenues from carbon co-product.

Results of the levelized cost and carbon intensity of hydrogen per case appear in Figure 1, while Figure
2 evaluates the major process inputs like natural gas, electricity and water.
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Figure 2. Resource input (natural gas, electricity and water)
for three methane pyrolysis processes.

Figure 1. Hydrogen cost and emissions intensity for three me-
thane pyrolysis processes.
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The cost for the three processes is similar to SMR with an emissions intensity more than 50% lower with gas heating. By applying
carbon capture or electric heating, emissions intensity is in the range of 0.1-0.4 kgCO2/kgH.. The additional equipment and more
costly heat source increase the levelized costs. In the case of gas heating with carbon capture, emissions intensity is reduced by
an order of magnitude relative to the gas heating only process, but results in a 13% increase in levelized cost.

Opportunities and barriers: Economic and technical challenges of methane pyrolysis

The implementation of methane pyrolysis faces several technical and economic challenges that limit its large-scale adoption. One
of the main technical constraints is the complexity of its reactor design, which affects scalability and operational efficiency. Cur-
rently, most methane pyrolysis projects are in the technology readiness level (TRL) range of 4 to 9, with existing initiatives largely
limited to small-scale facilities (B.C. Centre for Innovation and Clean Energy, 2024). Other key technical barriers include the heat
supply, the formation and accumulation of solid carbon (carbon clogging), and the reactor lifespan (Chan et al., 2024; Sanchez-
Bastardo et al., 2021). Among the most critical challenges is carbon clogging, which can hinder reactor performance and longevity;
proven reactor designs are essential to mitigate this issue and improve the technical feasibility of methane pyrolysis at an industrial
scale.

In addition to technical challenges, the financial viability of methane pyrolysis depends on the potential value of the carbon by-
product. Several carbon-based products are generated with different operating temperatures and reactor designs, such as carbon
black, graphite and nanoparticles (Lee et al., 2025; Prabowo et al., 2024; Sanchez-Bastardo et al., 2021). Capturing this added
value from carbon products can help offset hydrogen production costs and improve the overall competitiveness of methane py-
rolysis.

Next steps: Exploring hydrogen market for future energy systems

Future work should focus on comparing methane pyrolysis with other hydrogen production technologies, such as electrolysis,
steam methane reforming with carbon capture, and biomass gasification, within the context of British Columbia’s energy land-
scape. This comparative assessment will help determine the most suitable regional pathways based on emissions, energy inputs,
resource availability, and energy infrastructure. Additionally, estimating future hydrogen demand across key sectors, including
transportation, industry, and power generation is essential to align production strategies with decarbonization goals. A detailed
demand forecast will support infrastructure planning and guide investment priorities for a low-carbon hydrogen economy in Brit-
ish Columbia.
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