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Hydrogen (H,) is a promising renewable energy which finds wide applications as the world gears toward
low-carbon economy. However, current H, production via steam methane reforming of natural gas or
gasification of coal are laden with high CO, footprints. Recently, methane (CH4) pyrolysis has emerged as
a potential technology to generate low-carbon H;, and solid carbon. In this review, the current state-of-art
and recent progress of H, production from CH, pyrolysis are reviewed in detail. Aspects such as funda-
mental mechanism and chemistry involved, effect of process parameters on the conversion efficiency and
reaction kinetics for various reaction media and catalysts are elucidated and critically discussed. Temper-
ature, among other factors, plays the most critical influence on the methane pyrolysis reaction. Molten
metal/salt could lower the operating temperature of methane pyrolysis to <1000°C, whereas plasma
technology usually operates in the regime of >1000 °C. Based on the reaction kinetics, metal-based cata-
lysts were more efficient in lowering the activation energy of the reaction to 29.5-88 k]/mol from that of
uncatalyzed reaction (147-420.7 kJ/mol). Besides, the current techno-economic performance of the pro-
cess reveals that the levelized cost of H, is directly influenced by the sales price of carbon (by-product)
generated, which could offset the overall cost. Lastly, the main challenges of reactor design for efficient

product separation and retrieval, as well as catalyst deactivation/poisoning need to be debottlenecked.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

the sustainable development goals (SDGs). H, and syngas have
been conventionally produced from steam methane reforming

Hydrogen (H,) is a carbon-free fuel and energy source that is
perceived as a novel substitute to many fossil-based derivatives
in the effort to attain net zero carbon emission and align with
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(SMR), partial oxidation (POX) and coal gasification reactions [1].
SMR process involves the endothermic reaction of steam and
methane to produce syngas (H, and CO), whereas POX involves
the use of sub-stoichiometric oxygen conditions to partially oxidize
methane/hydrocarbons into syngas [2]. On the other hand, instead
of using gaseous hydrocarbons as feedstock, coal gasification con-
verts carbonaceous solid coal to syngas via reactions with steam,
air, oxygen or CO, [3]. However, these processes are associated
with high carbon dioxide (CO,) emissions and not sustainable.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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In view of this, cleaner H, production routes and feedstocks are
urgently demanding researchers’ attention. To decarbonize the H,
production process, both feedstock and technology play pivotal
role.

Various alternative H, production routes have been developed,
including electrolysis, thermochemical, biological, photocatalysis,
photoelectrochemical [4,5], and a variety of feedstocks have been
explored for circular H, economy, mainly wastes such as plastics,
municipal solid wastes, biomass wastes, food wastes, and sludge
[6]. Water electrolysis is the cleanest way of generating green H,
powered by renewable energies such as solar and wind [7,8]. Since
its discovery around the end of 18™ century, the technology has
seen continuous development. Commercial plants were built in
20" century to meet the huge H, demand for ammonia fertiliz-
ers production, until a few cheaper methods of large-scale H, pro-
duction from hydrocarbon came into picture [9]. As a result, only
2% of world H, production comes from water electrolysis today
[10]. New systems such as proton exchange membrane (PEM) and
solid oxide electrolysis cell (SOEC) have been developed to deliver
a more cost-effective solution. Nevertheless, the current cost of
electrolyzer and renewable energy is still not low enough to bridge
the gap between H, from water electrolysis and that from hydro-
carbon. Depending on region, the levelized cost of H, (LCOH) pro-
duced from natural gas (NG) is in the range of USD 0.50-1.70/kg
H,, while the LCOH produced from renewable energies is much
costlier in most places, at USD 3.00-8.00/kg H, [11]. Consequently,
there is clearly little economic motivation to produce H, from re-
newable energies at this point of time. Other than methane, water
and hydrocarbons, ammonia (NH3) is also a good carrier of H, [12],
in which recent studies have begun to investigate the decompo-
sition/cracking of ammonia [13] or ammonium-based compounds
[14] as alternative H, production technology. Apart from that, con-
version of hydrogen sulfide (H,S), a hazardous industrial gas, into
H, is also currently gaining research attention [15].

Thermal decomposition of methane (TDM), also known as
methane (CH,4) pyrolysis/cracking for turquoise H, production
might be the step-change approach for the transition of grey H,
to green H, [16,17]. It is a thermal decomposition process that
produces only H, and solid carbon from CH,4 (Eq. 1). Generally,
this approach eliminates the emission of CO,, consequently avoid-
ing the energy intensive and costly carbon capture process. In the
case of presence of impurities in the feedstock (methane), such as
CO,, 0y, H,0, side reactions such as dry methane reforming (Eq. 2),
partial oxidation of carbon produced from methane decomposition
(Eq. 3), steam methane reforming (Eq. 4) and water gas reaction,
i.e., reaction between H,0 with the carbon produced from methane
cracking (Eq. 5) might occur and alter the overall reaction equilib-
rium, resulting in varied composition of the gas product. Compared
to water electrolysis, TDM uses ~7.6 fold less energy requirement
(37.5k]/mol H, via TDM vs. 286.0k]/mol H, via electrolysis) [18].
The earliest commercial application of TDM was the production
of solid carbonaceous materials such as synthetic graphite, chan-
nel black and electrode [19]. While realizing its role and potential
in low-carbon H, production, CH4 pyrolysis technology is recently
attracting attention from both research institutes and businesses.
Preliminary studies have pointed out that CO, footprint mitigation
of about ~40% to ~80% could be achieved by CH,4 pyrolysis tech-
nology as compared to the state-of-the-art SMR [20,21].

CH4 < C+2H; AHyggx=74.9 l(]/mOl (1)

CH4 +CO; < 2H; +2CO AH;gsk = 247.3 kJ/mol (2)

C+CO, < 2CO AHyggx =172 kJ/mOl (3)
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CH4 +H,0 < 3H; +CO AHjyggx =206 kJ/mOl (4)

C+H;0 <+ CO+H, AHzggK =132 kj/mol (5)

Generally, TDM can be performed in various reactor config-
urations or concepts, such as fixed bed, fluidized bed, moving
bed, plasma/microwave/solar-assisted, and molten metal/salt. Sev-
eral key industrial/corporate players that have been leading the
development and scaling-up/piloting of the technology are C-Zero
(molten catalyst reactor) [22], MONOLITH (plasma reactor) [23],
Hazer (fluidized bed catalytic reactor) and BASF (moving bed re-
actor) [24]. Raza et al. [25] conducted a thorough review specifi-
cally on the performance/efficiency and pros/cons of various cata-
lysts and reactor configurations on the CH4 pyrolysis process. Be-
sides, Banu and Bicer [26] and Fan et al. [27] presented compre-
hensive analyses focusing on the potential of metal-based, carbon-
based and liquid catalysts in pyrolysis reactions. Another review
article by Karimi et al. [28] concentrated on the efficacy of metallic
promoters in Ni-based catalysts for H, production via CH4 pyrol-
ysis. These review articles covered and evaluated extensively the
role and performance of various catalysts in different reactor con-
figurations, however, systematic and detailed analysis on the ef-
fect of process/operating parameters on the pyrolysis reaction (e.g.,
CH,4 conversion, H, yield and selectivity) are still lacking. In addi-
tion, to the authors’ best knowledge, critical review on the techno-
economic analysis (TEA) of CH4 pyrolysis process is still limited in
the literature, albeit the route has been perceived a feasible solu-
tion for H, production economically and ecologically.

As such, this review article aims to (1) assess fundamentally the
current state-of-the-art with respect to the influence of key oper-
ating parameters on CH,4 conversion and H, yield/selectivity, (2)
discuss critically the techno-economic facet associated with TDM,
and lastly (3) identify the challenges and prospects of the tech-
nology towards successful commercialization. The review elements
are divided into four main sections, i.e., Section 2 on bibliomet-
ric analysis of current literature related to CH,4 pyrolysis, Sections
3 and 4 on effect of process parameters on H, production (in-
cluding temperature, pressure, gas flowrate and residence time),
Section 5 on the TEA of TDM process, and Section 6 on the chal-
lenges and outlook of TDM towards commercial deployment for
low-carbon H, production. Finally, the review ends with a con-
cluding remark shown in Section 7. This review focuses only on
the production of H, from TDM process, as for the other byprod-
uct i.e., solid carbon, the subject requires separate extensive review
and evaluation, hence it is beyond the scope of this review paper.

2. Bibliometric analysis of current literature on methane
pyrolysis

The conversion of methane into hydrogen has been extensively
studied. The most common methods used are steam reforming, dry
reforming, partial oxidation with or without catalyst, autothermal
reforming and plasma reforming, biological conversion [29,30].
Besides all these methods, methane pyrolysis is introduced as a
new research direction as it promotes the production of CO,-free
hydrogen [31]. Bibliometric analysis has been used to study the
trend of research focusing on the methane conversion via pyrolysis
method for the production of hydrogen gas and carbon black. A
co-occurrence analysis was performed by extracting data from
Scopus between 2013 and 2023, with keywords (“methane” OR
“CH4” AND “pyrolysis” OR “decomposition” OR “cracking” AND
“hydrogen” OR “H,” AND “carbon”. Primary run in Scopus database
returned 2817 documents. Exclusion criteria has been included
to improve the reliability of the analysis, where peer-reviewed
documents in English were considered. Besides that, only “article”
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Fig. 1. Bibliometric mapping of methane pyrolysis to produce low-carbon-hydrogen
over the past 10 years (from 2013 to 2023) based on 2323 documents from Scopus.

and “review” were included for bibliometric analysis. As a result,
a total of 2323 documents (2231 articles and 92 reviews) were
selected for bibliometric analysis.

Fig. 1 shows the bibliometric map generated by VOSViewer
using the data extracted from Scopus with selected keywords
and a co-occurrence of author keyword. Four clusters were ob-
served, representing that there were four research hotspots, includ-
ing: (1) The quality of products yielded from methane conversion,
(2) comparison between methods in the production of hydrogen
from methane gas, (3) advancement in the pyrolysis technique for
methane conversion and (4) the effect of catalyst in methane con-
version. The number of papers published, and the research direc-
tion of methane conversion can be observed from 2013 to 2023
(Fig. 2). Fig. 2a shows the number of publications according to the
year, and an increasing research interest in methane pyrolysis can
be seen for the past 5 years. The research direction was focused
on the conventional methane conversion method before the year
of 2017 (Fig. 2b). The introduction of pyrolysis for methane con-
version was started in the mid of 2018, focusing on the pyrolysis
kinetics and the quality of hydrogen produced. When the pyrol-
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Fig. 3. Equilibrium conversion of CH4 to H, and solid carbon at various tempera-
tures and pressures. Reprinted with permission [32]. Copyright 2022, Elsevier.

ysis method was established as a promising conversion method,
advanced pyrolysis techniques involving microwave, catalyst and
co-pyrolysis were introduced for methane conversion. The keyword
“methane pyrolysis” was used in general after 2021, showing that
pyrolysis has been established as a promising method for the pro-
duction of low-carbon hydrogen from methane.

3. Effect of process parameters

CH4 pyrolysis is a thermodynamically governed endothermic
process preferably occurs at high temperature and low pressure.
Based on the thermodynamic equilibrium of CH4 conversion (Fig.
3), temperature of >750°C is required to drive the equilibrium
of the reaction to >90% CH4 conversion at 1bar. In accordance
with Le Chatelier’s principle, low pressure condition will drive the
reaction (Eq. 1) forward towards the formation of H,. Other than
temperature and pressure, there are also other several important
operating parameters that influence the CH4 decomposition to
H,, which are reviewed and discussed in detail in this section.
Recent studies on TDM for H, production, with the range of
operating conditions/variables investigated are summarized in
Table 1 [1,32-47].
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Fig. 2. Bibliometric analysis of the data extracted from Scopus with reference to the publication in the past 10 years (2013-2023): (a) The number of papers published in

the past 10 years. (b) The co-occurrence of author keywords according to years.
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Table 1
Summary of recent TDM studies (from year 2019 to present) for turquoise H, production from the literature.
Reactor Reaction medium Catalyst Range of operating conditions | variables tested Range of CH4 conversion Ref.
configuration and H; yield or selectivity
reported
Molten salt MnCl, (x)-KCI(100-x) - Temperature: 700-1050°C (i) CH4 conversion: [33]
bubbling mixtures (where Feed gas flowrate: 5-20 sccm ~0%-55%
reactor x=0, 17, 33, 50, 67, Feed gas composition: 50-50 mol% Ar-CH4, 100  (ii) H selectivity:
100 mol%) mol% CHy ~0.9-0.99
Bubble residence time: ~0.6 s
Molten NaBr, KBr, KCI Nickel-Bismuth alloy Temperature: 920-1000 °C CH4 conversion: [34]
metal-salt (two (Nig27-Big.73) Feed gas flowrate: 10-30 ML/min 10.0%-37.5%
phase) bubbling Feed gas composition: 70-30 mol% CH4-Ar, 100
reactor mol% CHy
Bubble residence time: ~1.2's
Molten metal phase height: 110-660 mm
Molten salt phase height: 110-260 mm
Fixed bed Silica sand bed Ni-based catalysts: Temperature: 850°C (i) CH4 conversion: [1]
reactor (i) Catalyst support: pine Catalyst loading (in silica bed): 20 wt% ~83%-90%
sawdust, MgO, Feed gas flowrate: 100 mL/min (ii) Hy selectivity: ~1
(ii) Promoter: Ce, Mg, Cu, Feed gas composition: 72-25 mol% CH4_N,
sucrose
Molten salt NaBr-KBr (i) Catalyst screening: La, Ni, = Temperature: 850-1000 °C (i) CH4 conversion: [35]
bubbling (48.7:51.3 mol%) Co, Mn-based catalysts, Catalyst particle size: <38 pum, 38-53 pm 3.7%-10.4%
reactor (ii) Optimization: Mn, Catalyst loading: 2.5 wt% (ii) Hy selectivity: ~1
Mn,Co, MnCo, MnCo, CH,4 flowrate: 15 cm3/min (SATP)
Molten salt NaBr-KBr y-Al;03 particles (20 nm, Temperature: 850-1000 °C CH,4 conversion: ~0%-18% [36]
bubbling (48.7:51.3 mol%) 10-20 pm, 38-53 pm) Catalyst loading: 0-5 wt%
reactor CH,4 flowrate: 10-40 mL/min (SATP)
Pcy,: 0.35-1bar
Bubble residence time: 0.73-2.91s
Gas injector tip size (I.D.): 1.2, 2, 4.5, and
6.2 mm (corresponding to bubble diameters of
4.9-9.6 mm and bubble surface area to volume
ratios of ~600-1200 m?/m?)
Molten salt Alkali halide (NaBr, - Temperature: 850-1000°C CH,4 conversion: [37]
bubbling KBr, KCl, Nacl, CH4 flowrate: 15 mL/min 4.4%-6.2%
reactor NaBr-KBr) salts Bubble residence time: 0.36-0.40's
Molten metal - Gallium (Ga) Temperature: 936-1119°C CH,4 conversion: 61%-91% [32]
bubbling Feed gas composition: 50-50 mol% Ar-CH,4
reactor Feed gas flowrate: 450 mL/min
Volumetric fraction of liquid in reactor: 14%,
43% (Bubble residence time: 0.25 and 0.65s,
respectively)
Steam plasma Steam/Ar (plasma) - Temperature: 927 °C CH, conversion: 60%-88% [38]
reactor Input power: 120 kW,
Steam flowrate: 28 g/min
CH,4 flowrate: 100-500 slpm
Fluidized bed - Ni-based bimetallic Temperature: 750°C CH,4 conversion: [39]
reactor supported catalyst (60% Feed gas composition: 25-75 mol% CH4—-N,, ~77%-87% (Pcua =0.25),
Ni-5% Cu-5% Zn/Al,03) 100 mol% CH, ~72%-80% (Pcpa=1)
Feed gas flowrate: 180 mL/min (NTP)
Fixed bed - Ni supported SiO, derived Temperature: 550°C (i) CH4 conversion: [40]
reactor from rice husk (Ni loading: Feed gas composition: 100 mol% CHy ~0%-50%;
5-20 wt%) CH4 flowrate: 30 mL/min (ii) Hy yield: 2402-6397
Gas hourly space velocity: 300 mL min~! g-! moly, /moly;
Two-stage and NaBr and zirconia Nickel-Bismuth alloy Temperature: 900-985 °C CH4 conversion: [41]
three-stage beads (Nig27-Big.73) Feed gas flowrate: 4-18 sccm 8.0%-41.3%
molten Feed gas composition: 41.7-58.3 mol% CH,4-Ar,
metal/salt 50-50 mol% CH4-Ar, 57.1-42.9 mol% CH4-Ar,
bubbling 66.7-33.3 mol% CH4-Ar, 80-20 mol% CH4-Ar,
reactors 83.3-16.7 mol% CH4-Ar, 100 mol% CH,4
Packed bed - Sponge iron (Fe) powder Temperature: 700-1100°C H, yield: <20%-85% [42]
tubular reactor Feed gas composition: 100 mol% CH,
CH4 flowrate: 50-200 mL/min
Residence time: 1-4 s
Solar driven gas  Gas phase (for gas - Temperature: 1000-1400°C (i) CH4 conversion: [43]
phase and phase reactor), Feed gas composition: 10-90 mol% CH4-Ar, 2%-98% (gas phase),
molten reactors Molten tin (for 30-70 mol% CH4-Ar, 50-50 mol% CH4-Ar 0%-91% (molten tin),
molten metal Feed gas flowrate: 0.5-1.0 NL/min (ii) Hy yield: 0%-97% (gas
reactor) Gas/bubble residence time: 0.42-0.83 s (gas phase), 0%-88% (molten
phase), 0.5s (molten tin) tin)
Microwave- Carbon particles - Temperature: 750-1216°C (i) CH4 conversion: [44]

driven fluidized
bed reactor

formed during TDM

Feed gas composition: 10-90 mol% CH4-N,,
30-70 mol% CH4-N3, 50-50 mol% CH4-Ns,
70-30 mol% CH4-N3, 90%-10 mol% CH4-N;,
100 mol% CH4

Feed gas flowrate: 0.2 L/min

0%-90%,
(ii) Hy selectivity:
0%-100%

(continued on next page)
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Reactor Reaction medium Catalyst Range of operating conditions / variables tested Range of CH4 conversion Ref.

configuration and H, yield or selectivity
reported

Molten metal - Molten metal (Cu, Bi, Sn) Temperature: 1160 °C CH,4 conversion: [45]

bubbling
reactor

and molten alloy (Cu/Bi,
Cu/Sn, Cu/Ni, Cu/Ga)

Feed gas composition: 100 mol% CHy4
CH,4 flowrate: 500 mL/min (NTP)

22.73%-68.44%

Fluidized bed - Fe-Al,03 Temperature: 700-750°C (i) CH4 conversion: [46]
reactor Feed gas composition: 5-95 mol% CH4-Ar, ~20%-90%,
10-90 mol% CH4-Ar (ii) Hy yield: ~50%-85%
Feed gas flowrate: 7-21.5 SCFH
Fixed bed - CoFe,04 Temperature: 800-900°C (ii) CH4 conversion: [47]
reactor Feed gas composition: 75-25 mol% CH4-N, 17.6%-68.1%,
Feed gas flowrate: 20-50 mL/min (ii) Hy yield:
38.4-136.8 mol H, g~!
min~!

3.1. Temperature

Temperature is a critical process parameter in the context of
TDM due to endothermicity of the reaction. Typically, CH, pyrol-
ysis requires operation at high temperatures of 800-1400°C [36].
As such, optimization of temperature in various catalytic and reac-
tor systems of TDM is frequently investigated and reported. Gen-
erally, higher temperature increases the conversion of CH,4 due to
enhanced intrinsic kinetics and rate of CH4 thermal decomposition,
and typically temperature above 900°C (at 1bar) is required to
achieve CH, conversion of above 90% [32]. Consistent trends were
reported by several researchers, such as the highest CH,4 conver-
sion of 91% was observed at highest tested temperature of 1119°C
for CH4 pyrolysis in molten gallium [32] and the near zero CHy4
conversion gradually increased to 4.4%-6.2% when the tempera-
ture was increased from 850°C to 1000 °C in molten alkali halides
(NaBr, NaCl, KBr, KCl, (Na,K)Br) salts [37]. Patzschke et al. [35] ex-
amined the pyrolysis of CH; in molten NaBr-KBr with the pres-
ence of mixed Co-Mn catalysts (MnCo,/Al, MnCo/Al, Mn/Al) and
reported that increase in temperature had a profound effect on
the CH4 conversion, with a maximum CH4 conversion of 10.40%
at 1000°C for MnCo,/Al as compared to below 2% at 850°C. The
optimization of reaction temperature is essential in CH4 pyrolysis
as it would impact the conversion of CH4 and yield of H,, and thus
the overall efficiency and economics of the process.

3.2. Pressure

CH,4 pyrolysis is usually operated at relatively low and atmo-
spheric pressure (below 5bar) due to the equilibrium constraint of
CH4 decomposition reaction. Based on Eq. 1 (1 mol of CH4 decom-
poses into 2 mol of H, and 1 mol of carbon) and in accordance
with the Le Chatelier’s principle, low pressure will drive the reac-
tion towards the formation of products [32]. As shown in Table 1,
while most of the CH4 pyrolysis studies were performed at atmo-
spheric pressure using pure CHy, several studies investigated the
effect of CH4 partial pressure on its conversion. By diluting the CHy
feed with inert Ar (50-50 mol% CH4-Ar) and hence reducing the
partial pressure of CH, to shift the chemical equilibrium towards
H, production, Pérez et al. [32] and Kang et al. [33] reported high
CH,4 conversions of 91% and ~42% in molten gallium and MnCl,-
KCI (67-33 mol%) mixture, respectively. Parkinson et al. [36] varied
the partial pressure of CH4 between approximately 0.35 to 1bar
and observed that the rate of CH4 pyrolysis was linearly correlated
to the CH4 partial pressure.

3.3. Gas flowrate/residence time

The flowrate of feed gas would impact the residence time of
the gas reactant in the reactor, and size of gas bubbles (in the case

of molten metal or salt bubbling reactor), thus affecting its conver-
sion. Kang et al. [33] varied the flowrate of CH4 in bubbling reac-
tor between 5 sccm and 20 sccm and reported that relatively high
conversion of CH4 was attained for lower CH,4 flowrates at 1050 °C.
The authors ascribed this to the longer duration of bubble forma-
tion and growth at the tip of gas injector where the CH4 gas was
in contact with the molten metal or salt, resulting in longer avail-
able time for the CH,4 to react and decompose (as compared to the
duration of the bubble rise through the molten reactor column).
Similar trend was reported by Parkinson et al. [36] in which lower
CH,4 flowrates caused longer residence time in the molten reaction
medium, hence leading to higher CH4 conversion (~17% conversion
at 10 mL/min as opposed to ~12% conversion at 40 mL/min). How-
ever, after eliminating the effect of bubble rise velocity (by nor-
malizing the conversion per unit residence time), it was still found
that lower CH, flowrates resulted in higher CH,4 conversions [36].
This has led to an important note that aside from gas flowrate,
there are various factors and parameters which will also collec-
tively influence the residence time or bubble rise velocity (i.e., hy-
drodynamics) in molten bubbling reactors, such as depth of the
molten column, density and viscosity of molten medium, and the
bubble size [33]. In a study of CH,4 pyrolysis using steam plasma
conducted by Maslani et al. [38], higher CH4 conversion of 88% was
obtained at lower CH,4 input flowrate (100 slm) as compared to
60% conversion at flowrate of 500 slm. Higher CH, input flowrate
resulted in higher H, output from the reactor, but there was also
higher amount of unreacted CHy, as evident from the energy bal-
ance of the reactor (insufficient energy of 10kW and 38 kW for
CH,4 flowrates of 300 slm and 500 slm, respectively). As such, it
is crucial to establish optimized input gas flowrate under various
reactor configurations via extensive hydrodynamics studies [48].

3.4. Others

Other factors which affect CH; decomposition include bub-
ble size (specific surface area per unit volume), catalyst loading
and catalyst particle size, and the composition (blending ratio) of
molten binary-salt mixture. The effect of bubble size was thor-
oughly scrutinized by Parkinson et al. [36] by varying the diam-
eter of the gas injector tip (1.2, 2, 4.5 and 6.2mm LD.). Smaller
tip diameter produced bubbles with smaller equivalent diameter,
and thus having higher gas-liquid interfacial area per unit volume
(bubble size had two-fold impact on the CH4 conversion). This
has elucidated the reaction mechanism of CH; decomposition in
molten metal/salt, ie., CH; reaction rate was dependent on the
specific surface area of gas bubbles and gas phase reaction [36].
The dependence of reaction rate on gas-liquid interfacial area was
also reflected in the work of Pérez et al. [32]. Using a porous gas
distributor as the bubbles generator, enhanced CH4 conversions
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Fig. 4. Ab initio molecular dynamics showing the methane dissociation energy on
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of 61%-91% were achieved as compared to that of single orifices
(18% [49] and 32% [50]), even though the latter having significantly
higher bubble residence time.

As the rate-limiting step for CH; decomposition is the cleav-
age of the C-H bond, catalysts are often employed in CH4 pyrol-
ysis process to aid in the activation of C-H bond. In this context,
the catalyst loading and particle size might impact the kinetics of
CH,4 conversion and the endurance of the catalysts before deactiva-
tion due to carbon deposition on the catalyst active sites. Parkinson
et al. [36] investigated the effects of y-Al,05 loading (0-5 wt%)
and particle size (20nm, 10-20um, 38-53 um) on the conversion
of CH4 in molten NaBr-KBr eutectic mixture. As the catalyst load-
ing increased from 0 wt% to 5 wt%, the apparent activation energy
of the reaction reduced from 246.9 kJ/mol to 128.4 kJ/mol. Besides,
fine catalyst particles (20nm) that were smaller than the effective
film thickness of the bubble-liquid interface enhanced the mass
transfer through liquid film surrounding the bubbles, resulting in
relatively higher CH4 conversions over the entire range of temper-
ature (800-1000°C) examined [36]. Similarly, higher CH4 conver-
sions and lower activation energies were also reported for smaller
particle size of Mn-Co-based catalysts (<38 um) as compared to
that of larger particle size (38-53 um) [35].

Lastly, for systems that employ molten binary-metal/salt/
eutectic mixtures as the medium for CH,4 pyrolysis, the blending
ratio of the constituents could be influential on the kinetics of CHy
conversion. For example, Kang et al. [33] varied the blending ra-
tio of MnCl,-KCl and noticed that the addition of MnCl, (up to
50-67 mol%) improved the CH,4 conversion and lowered the acti-
vation energy of the reaction (153-161kJ/mol as compared to that
of pure KCI (~300Kk]/mol) and pure MnCl, (~175kJ/mol). The addi-
tion of MnCl, to KCI provided the synergy for CH4 decomposition
as Mn is an effective element for C-H bond activation. Similarly, in
the study conducted by Scheiblehner et al. [45] that assessed the
mixing ratio of various binary metals, it was found that increas-
ing content of Bi in Cu from 5 at% to 80 at% increased the CHy
conversion remarkably from ~39% to ~68% (as compared to ~33%
CH4 conversion in pure Cu). The addition of Bi lowered the surface
tension of the binary mixture, which in turn led to smaller bubble
size. Besides, Fan et al. [27] also highlighted that the dissociation
energy of CH4 on Cu-Bi catalyst is lower compared to that of Bi
only (Fig. 4).

4. Kinetics of CH,4 pyrolysis

Extensive research has been conducted to elucidate the reaction
of methane pyrolysis and to develop kinetic models for various re-
actor systems and catalysts used. Availability of the kinetic models
provide valuable insights into the mechanisms, rates and activation
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energy that represents energy barrier that must be overcome for
the reaction to occur. Kinetic models allow for the prediction and
estimation of reaction rates under different conditions. By incor-
porating experimental data and theoretical principles, these mod-
els can provide information on the dependence of reaction rates
on factors such as temperature, pressure, and reactant concentra-
tions. In addition, by developing quantitative understanding on the
kinetic parameters and its influence on reaction rates, researchers
utilize the information for prediction of efficient methane pyrolysis
processes, aiming to maximize hydrogen production. This knowl-
edge helps in devising strategies to improve reactor design, catalyst
performance, and process conditions, leading to more sustainable
and economically viable methane pyrolysis processes. A compre-
hensive review of studies associated with determining the effect
of reactor design, catalyst and operating conditions on the kinetic
modelling and parameters have been summarized in Table 2 [51-
77].

From the review, most authors were found to utilize the
simple first order kinetic model in accordance to Eq. 6 [56-
58,60,61,63,66,74] without consideration of chemical equilibrium,
reverse reaction or deposition of unwanted carbon. Few studies
also utilized Eq. 6 in the elementary form but deviated from the
first order kinetic modelling by fitting reaction order to experi-
mental data [53,54,59,60,62,64,65,71,73]. The equation was found
to be appropriate and sufficient to characterize a wide range of
methane thermal cracking process regardless of reactor configu-
ration and catalyst design. The dependency of rate constant with
temperature was commonly captured via Arrhenius relation. Sub-
sequently, there were emerging efforts to develop extensions or
deviations from the simple elementary kinetic modelling to take
into account non-idealities and constraints from equilibrium, re-
verse reaction or decline in catalytic activity over recent years.

r=kcty, (6)

where r is the reaction rate, k is the pre-exponential rate constant,
Cch, is the concentration of CHy, and n is the reaction order.
Borghei et al. [68] explained the reaction rates using Langmuir
Hinshelwood mechanism and expressed them with respect to the
partial pressures of both methane and hydrogen that corresponded
to a power law equation, in which the presence of hydrogen had
been reported to exhibit a negative order by reducing the over-
all reaction rate. In a study conducted by Keipi et al. [75], the
adverse effects of hydrogen towards methane pyrolysis were an-
alyzed using a simplified reverse kinetic mechanism. The param-
eters for this mechanism were determined through a global opti-
mization approach. Notably, this methodology showed a more ac-
curate alignment with experimental data as compared to a com-
prehensive 37-steps reaction mechanism proposed by Ozalp et al.
[78], which was postulated to be caused by inaccuracy to predict
solid carbon formation and temperature profile in the latter. More-
over, Amin et al. [69] developed kinetic model for methane cat-
alytic cracking via utilization of a separable kinetics approach in
order to develop initial rate and activity decay from catalyst deac-
tivation. On the other hand, Catalan and Rezaei [76] formulated a
thermodynamically consistent non-catalytic kinetic model to esti-
mate decomposition rates of methane, particularly when approach-
ing equilibrium conversions. A comprehensive model that incor-
porated several essential processes, including homogeneous nucle-
ation of new particles, heterogeneous growth of both fresh and
seed particles, particle coagulation, and the growth of carbon on
the reactor walls due to heterogeneous reactions and particle de-
position, was developed by [70]. Recently, kinetic parameters for
describing the methane pyrolysis were determined both for each
reactor with varying materials individually and globally using ho-
mogeneous reaction in the gas phase with a 1%t and fitted orders
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via 2-p-fit and 3-p-fit, respectively, by Becker et al. [77]. Addition-
ally, similar to study by Patrianakos et al. [70], the catalytic effect
due to carbon formation was also incorporated via a novel hetero-
geneous surface mechanism of 15¢ order using a 2-t-fit model.

Kinetic models had been developed for different reactor sys-
tems in methane pyrolysis, which had been claimed to each of-
fer distinct advantages and challenges. In terms of reactor design,
some common systems include perfectly mixed flow [57,74], fixed
bed [58,71,73], fluidized [51-54,60-62], thermogravimetric based
[64,65,69,72] and the most popular tubular or tube or plug flow
reactors [56,63,66-68,70,75-77]. Efficiency and performance com-
parison of different reactor models in characterizing the methane
pyrolysis process had been studied by Trommer et al. [57] and Pax-
man et al. [74]. It was revealed that plug flow reactor model exhib-
ited lower activation energy as compared to the perfectly mixed
counterpart in general. The lower efficiency in perfectly mixed re-
actor was attributed to constraint in temperature and residence
time distribution when dealing with reactions that had complex
kinetics or involve multiple intermediate steps albeit less appar-
ent impact as compared to catalyst selection and design. Paxman
et al. [74] further proposed a Combined Perfectly Mixed Reactor
with Bypass (CPMR) model with consideration of buoyancy flow
to quantify kinetics and performance of the methane thermal de-
composition, which was reported to enhance prediction accuracy.
Other than the reactor configuration and operation, the kinetic
study of reactors constructed from different materials, which in-
cluded high-alloy steel (253 MA), aluminum oxide (AlSint), silicon
carbide (SiC) and quartz glass (quartz) with calcium oxide (CaO)
coating, was conducted in a recent study by Becker et al. [77], typ-
ically for the carbon deposition and removal characteristics. With
regards to operating conditions, parameters such as temperature,
pressure, and residence time, were revealed to be among the most
detrimental factors that affected the kinetics. High temperatures
were found to favor reaction kinetics and hence H, production
rates, but they also increased the propensity for carbon formation,
leading to catalyst deactivation simultaneously. On the other hand,
pressure and residence time had demonstrated varying effects on
the reaction kinetics, depending on the catalyst used. Furthermore,
energy sources to the reactors were found to vary and affect the
kinetics, in which the utilization of electric furnaces and solar ra-
diation were the most common facilities reported in the experi-
mental setup from literature. In short, it was found that the reac-
tion kinetics were highly complex and involve multiple intermedi-
ate species with the most common identified elementary reactions
encompassed the dissociation of methane into methyl radicals and
the subsequent decomposition of methyl radicals into hydrogen
and other hydrocarbons. In this context, the materials, design, op-
erating condition, and auxiliary facility were important factors that
affected the kinetics of methane pyrolysis tremendously, which ne-
cessitated comprehensive study to develop a complete understand-
ing.

r = kpty, Py, (7)

n P}‘Z{Z
P, — Ko

r==k . ®)
(1 + Ky, BLS + Kep, Pow,)
k
r= kcgﬁ:)rward _ E Clrzl,zbackward (9)
2
r = ket i, 10)
CHy ccH, Keq

In Egs. 6-10, r is the reaction rate, k is the pre-exponential rate
constant, ccy, and pcy, correspond to the concentration or par-
tial pressure of methane reactant while cy, and py, for hydrogen
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product, n and m represent the reaction order, Keq is the equilib-
rium constant while Kcy, and Ky, are the overall adsorption con-
stants for methane and hydrogen, respectively.

From the review, it was found that kinetic study evolving
methane pyrolysis had been conducted in the presence or ab-
sence of catalyst, with each carrying its discrete advantages. Cat-
alysts could lower the reaction activation energy by providing an
alternative pathway, reducing the energy barrier, which lowered
the required operating temperature in the pyrolysis process [79].
These catalysts promoted the breaking of C-H bonds and facili-
tated the formation of hydrogen and carbon. On the contrary, al-
though necessitating higher temperature in the absence of cata-
lyst, it avoided operational issues associated to carbon deposition
on the catalyst pellets, which caused deactivation and regenera-
tion, that deteriorated the kinetics of hydrogen formation. All in
all, the choice of catalyst was crucial for enhancing reaction ki-
netics and improving selectivity in methane pyrolysis [80]. Some
commonly studied catalysts for methane pyrolysis included carbon
based [51,52,57,64,65,70,72], transition metal typically from nickel
(Ni) [56,58,59,69,71,73] due to its excellent sulfur resistance prop-
erties as compared to the other metals [81] and bimetallic types,
which were postulated to modify the reaction activation energy
and improve catalytic performance via optimization of the metal
properties [55,68]. At large, the apparent activation energies as-
sociated with carbon-catalyzed methane decomposition exhibit a
considerable range of variations, not only among different types of
carbon, such as activated carbon (AC) and carbon black (CB), but
also within the same carbon family. In general, for carbon cata-
lyst, the AC-based was revealed to exhibit lower activation ener-
gies in the range of 141-201 kJ/mol as compared to carbon black
of 205-238 kJ/mol, which was attributed to higher capability of AC
based catalyst in expediating the reactions. An intriguing observa-
tion was that the activation energies for carbon-catalyzed methane
decomposition fall within the range between the values of non-
catalytic and metal-catalyzed reactions. Metal-based catalyst was
found to be more efficient in lowering the activation energy by ex-
hibiting activation energy in the range of 29.5-88 k]/mol, while the
non-catalyzed reactions were reported to exhibit wider variations
between 147 kJ/mol and 420.7 k]/mol, dependent upon the operat-
ing conditions and design. For the metal-based catalyst, support-
ing materials that were commonly used for methane pyrolysis in-
cluded metal oxides, such as Al,03 [55,69], SiO, [56], TiO, [58,73],
MgO [68] and zeolites [71], which enhanced reaction kinetics by
providing a larger active surface area.

5. Techno-economic analysis (TEA) of methane pyrolysis
process

While it is proven that the production of H, and carbon via
CH,4 pyrolysis is technically achievable, the successful deployment
of this technology in commercial scales relies heavily on the eco-
nomic performance and feasibility. Several techno-economic analy-
sis (TEA) reports evaluating the economic feasibility and potential
of CH4 pyrolysis are available, as summarized in Table 3 [20,32,82-
86]. Pérez et al. [32] evaluated the techno-economic performance
of an industrial concept of TDM operated in molten gallium bub-
ble reactor. Considering various scenarios of heat supply for the
pyrolysis reactor, i.e., (1) carbon combustion with and without CCS,
(2) Hy combustion, (3) NG combustion with and without CCS and
(4) electricity, In terms of LCOH, it was found that cases 1 (2.94
€/kg H,) and 4 (3.16 €/kg H,) were competitive as compared to the
benchmark SMR process without CCS (2.86 €/kg H,), whereas case
2 registered the highest LCOH (4.03 €/kg H,) due to high through-
put of NG to produce H, for firing up the pyrolysis reactor and
meet the H, production capacity. However, considering the sus-
tainability aspect, case 1 (with CCS) and 4 were environmentally
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Table 3
Summary of TEA on CH4 pyrolysis from the literature.
CH,4 pyrolysis technology  Capacity of H, plant Case scenario LCOH/Other economic indicators Ref.
Plasma reactor 833.4kg/h (i) Various energy requirement of the plasma reactor (i) LCOH: ~USD 0-5.2/kg H, (considering [82]
(1.31-2.8 kWh/Nm? H, carbon sales at USD 0.25-1.75/kg)
(ii) Varying electricity tariffs, installation costs and NG (ii) LCOH: ~USD 0-5.7/kg H, (considering
prices (USD 69-100/MWh, USD 80-111 million, USD carbon sales at USD 0.25-2/kg)
7.82-8.76/MMBtu, respectively) (iii) LCOH: USD 2.08-2.66/kg H,
(iii) Benchmark: SMR
Molten gallium bubble 21 kilotonnes per (i) Heat supplied by the combustion of produced carbon (i) LCOH: 2.94-2.95 €/kg H, [32]
column reactor annum (ktpa)/2.7 (with and without CCS) (ii) LCOH: 4.03 €/kg H,
ton/h ii) Heat supplied by the combustion of produced H, (iii) LCOH: 3.47-3.53 €/kg H,
iii) Heat supplied by the combustion of NG (with and (iv) LCOH: 3.16 €/kg H,
without CCS) (v) LCOH: 2.86-3.36 €/kg H,
(iv) Heat supplied by electricity
(v) Benchmark: SMR (with and without CCS)
Electron beam plasma 9 ton/h (i) Electric supplied by electricity generation from (i) LCOH: 5.00 €/kg H, [20]
reactor produced H, (ii) LCOH: 2.55 €/kg H,
(ii) Electric supplied by renewable energy input (iii) LCOH: 1.00-1.18 €/kg H,
(iii) Benchmark: SMR (with and without CCS) (iv) LCOH: 4.31 €/kg H,
(iv) Benchmark: Water electrolysis
Catalytic fluidized bed 216 ns per day (i) Heat supplied by the combustion of produced H, (i) For case (i) and (ii): [83]
reactor (ii) Heat supplied by the combustion of CHy LCOH (without considering carbon sales):
(iii) Benchmark: SMR with CCS USD 2.94-3.1/kg H,
*LCOH (after considering carbon sales):
USD 0/kg H,
(ii) For case (iii):
LCOH: USD 2.2/kg H,
Molten salt (50-50 mol% 2.7 ton/h (i) Various operating pressures (5, 12, 32 bar)* (i) LCOC: 312 €/ton C [84]
MnCl,-KCl) bubble (ii) Various approach temperature to pyrolysis at 1000°C* (ii) LCOC: 306 €/ton C
column reactor (iii) Additional costs for salt handling* (iii) LCOC: ~379 €/ton C
(iv) H; sales price in the case of no revenue from the (iv) LCOH: 2.38-2.62 €/kg H,
produced carbon
*H, sales price was assumed at 1.6 €/kg Hj.
Microwave plasma 12.7kg/h Reaction pressure of 2.5bar and reaction temperature of ~ LCOH: USD 1.3-1.47/kg H,, NPV: 3.76-4.35 [85]
autothermal mobile 800°C mil USD, ROI: 45.57%
methane pyrolysis unit
Thermal and catalytic i) 0.17-2.00 kmol/h (i) Thermal methane pyrolysis (Temperature: i) 2.14 USD/kg H, [86]

methane pyrolysis ii) 0.12-1.85 kmol/h
iii) 0.29-3.49 kmol/h

iv) 0.20-3.23 kmol/h

800-1100°C)

750-900 °C)

(ii) Catalytic methane pyrolysis (Temperature:

(

(ii) 3.66 USD/kg H,
(iii) 3.53 USD/kg H,
(iv) 3.82 USD/kg H,

(iii) Additional carbon gasification (Temperature:

800-1100°C)

(iv) Additional water-gas shift (WGS) reaction

(Temperature: 750-900 °C)

superior while being economically competitive (lower CO, emis-
sions and carbon taxes) as compared to the established SMR pro-
cess without CCS. The same study also explored the influence of
several key parameters that would affect the LCOH through a de-
tailed sensitivity analysis, as displayed in Fig. 5. Among these pa-
rameters, NG price and carbon sales price played decisive part in
determining the economic feasibility of CH4 pyrolysis as opposed
to conventional SMR process for H, production.

Kerscher et al. [20] and Riley et al. [83] conducted TEA of TDM
featuring different reactor configurations, namely electron beam
plasma reactor and catalytic fluidized bed reactor, respectively.
Nevertheless, similar case scenarios as that of Pérez et al. [32] were
investigated, where the heat/electrical energy required for the py-
rolysis was supplied by the produced H, and alternate sources
such as renewable energy or NG. For CH4 pyrolysis driven by elec-
tron beam plasma, the lowest LCOH was 2.55 €/kg H,, which was
totally outweighed by the convention SMR process with and with-
out CCS (1.00-1.18 €/kg H,), but was superior than that of wa-
ter electrolysis (4.31 €/kg H,). High LCOH from water electrolysis
process was attributed to the high specific energy requirement of
splitting H,O molecules (286.0 k]J/mol H,) as compared to splitting
CH4 molecules (37.5k]J/mol H,). The study also revealed that the
current expensive electron accelerators caused the process to be
CAPEX-intensive and contributed to more than 50% of the LCOH.
However, with the plasma technology gradually gaining maturity
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in the future, this could lower the overall CAPEX of the process and
further reduce the LCOH to below 1.5 €/kg H; [20]. In the work of
Riley et al. [83], it was estimated that the LCOH from CH,4 pyrolysis
was in the range of USD 2.94-3.1/kg H, assuming no profit from
the generated carbon. On the other hand, if revenues were con-
sidered from the generated carbon, the LCOH could approach USD
0/kg H,. The effect of operating conditions for a molten salt bubble
column reactor on the techno-economic performance of CH4 pyrol-
ysis was explored by Pruvost et al. [84]. In contrary to most of the
TEA studies, this study assumed a fixed H, sales price (1.6 €/kg
H,) to estimate the levelized cost of carbon (LCOC). At optimized
operating pressure and approach temperature of 12 bar and 100 °C,
respectively, lowest LCOC of 306 €/ton was reached, and the LCOC
was expected to increase 24% (to ~379 €/ton) after considering the
post-pyrolysis treatment of the carbon [84].

Tabat et al. [85] proposed a mobile autothermal methane py-
rolysis unit that addresses the limited availability of hydrogen
pipeline infrastructure, demonstrating its profitability. The study
evaluated the efficiency and performance of the integrated pro-
cess through energy and exergy calculations. The economic anal-
ysis indicated a LCOH ranging from USD 1.3 to 1.47 per kg and
a NPV between 3.76 mil and 4.35 mil. USD, influenced by fac-
tors such as EPC and feedstock cost. The positive NPV and lower
LCOH demonstrated the profitability of the proposed design with a
high methane conversion rate of 76.8%. Cheon et al. [86] provided
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Fig. 5. Sensitivity analyses of the key parameters on the LCOH of CH4 pyrolysis for
various case scenarios. Reprinted with permission [32]. Copyright 2022, Elsevier.

a comprehensive analysis of various hydrogen production systems,
evaluating their unit production costs and comparing them to
commercialized methods. The technical performance of these sys-
tems was evaluated based on factors such as hydrogen and carbon
production rates, hydrogen combustion ratio, and reactant ratios.
The study determined unit hydrogen production costs of USD 2.14,
3.66, 3.53, and 3.82 per kilogram for different system configura-
tions as shown in Table 3.

In short, as demonstrated by these TEA studies, the successful
deployment of CH,4 pyrolysis technology in the commercial scales
relies heavily on the revenues of the co-generated carbon. To at-
tain a comparable H, price with the conventional SMR process, it
is essential for the carbon product to have a promising market and
hence the sales could render the whole pyrolysis technology eco-
nomically viable. In addition, these studies also commonly pointed
out that diversion of a portion of the produced H, to sustain the
pyrolysis reactor was uneconomical, as high volumes of NG were
needed and the massive amount of carbon produced would require
large market sizes and consumers.

6. Challenges and outlook

TDM has emerged as a promising alternative for H, production.
From the review of current progress of the technology, a few key
takeaways, challenges and outlook are summarized as follows:

(1) Catalyst poisoning or deactivation is one of the key techni-
cal and process challenges that needs to be attended. Gener-
ally, solid heterogeneous catalysts used in methane pyrolysis
are faced with the risk of catalyst deactivation/coking due to
deposition and formation of carbon particles that block the ac-
tive sites of the catalysts [87]. This issue is seen to be poten-
tially mitigated by using molten metals/salts. However, molten
media reactors are associated with difficulties in the continuous
removal of carbon, requiring delicate reactor design [22].

(2) The techno-economics remains the key challenge of TDM. For
every kilogram of H, produced, 3 kg of carbon is generated as
a co-product. Hence it is vital to find diverse applications for
these large volumes of solid carbon. One suggestion is to target
high-value niche market in which high-purity carbon feedstock
can command considerable price premium, such as carbon an-
odes, sorbents and graphite. Once pyrolysis carbon slowly pen-
etrates the market and with increasing maturity over time, the
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LCOC from TDM will become more competitive, and applica-
tions can potentially become wider (metallurgy, chemicals, and
energy sectors) when cheap supply of solid carbon is more
abundant [84].
For the carbon generated from TDM to meet the specifications
for a variety of applications, further intensive R&D and pro-
cess optimization needs to be done especially on minimizing
the contamination of carbon (by molten salt/metal) and cost-
effective ways of post-pyrolysis separation, purification, treat-
ment and upgrading of carbon. Further economic advantages
can also be achieved through discovery of novel and more cat-
alytically active reaction medium to improve the CH4 conver-
sion efficiency.

(4) TDM can be an alternative route to convert CO, into solid car-
bon. Instead of directly converting CO, into solid carbon for se-
questration purpose, CO, methanation can be carried out fol-
lowed by CH4 pyrolysis. The solid carbon carries and stores
large amount of energy, which can serve as a medium for large-
scale permanent energy storage to be utilized in time of energy
crisis.

(5) While producing H, through CH4 or NG pyrolysis can be a vi-

able way during the energy transition period, the long-term vi-

sion might be to apply this technology to plant-based methane

or biomethane, to achieve negative carbon emission. This could
be applicable to countries with abundant source of crop wastes.

Through this, the economics can be supported not only by H,

and solid carbon sales, but also carbon credit sales to industries

that are having difficulties to abate their large carbon emis-
sions, such as steel and cement industries. Furthermore, inte-
gration of TDM process into these carbon-intensive industries

could also be the way forward to decarbonization [88].

Comprehensive cradle-to-grave life cycle assessment (LCA)

studies are one of the significant challenges and crucial con-

siderations for establishing a sustainable low-carbon hydro-
gen economy. The accuracy of these assessments is impeded
by limited access to and reliability of data, particularly con-
cerning process parameters, energy inputs, emissions, and eco-
nomic factors. Moreover, the acquisition of experimental data
and the development of predictive models present ongoing dif-
ficulties. To evaluate the long-term sustainability and feasibility
of methane pyrolysis, it is imperative to take into account pol-
icy frameworks and market dynamics, such as supportive reg-
ulations and evolving market demands. Overcoming challenges
related to data availability, the integration of process parame-
ters and reaction kinetics, techno-economic analysis, scale-up,
and policy dynamics will bolster the dependability and utility
of LCAs for methane pyrolysis in low-carbon hydrogen produc-
tion. Such assessments will furnish decision-makers and stake-
holders with valuable insights to navigate the transition toward

a sustainable hydrogen economy, while considering both the

economic viability and environmental impact.

7. Conclusions

CH4 pyrolysis as an alternative route for turquoise H, pro-
duction has exhibited some promising feasibility in lab-scale
experimentations. Compared to the conventional SMR process for
producing grey H,, the associated carbon footprint of H, from
TDM can be near-zero. Besides, TDM is also less energy intensive
as opposed to water electrolysis (green H,), making it a competi-
tive technology for H, production. Based on the literature review
conducted, much of the recent works are still at the lab-scale
exploratory stage, focusing on the optimization of process param-
eters and selection of efficient and cost-effective reaction media
(molten metal/salt) and catalysts to enhance CH4 conversion
kinetics in various reactor configurations (liquid bubbling reac-
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tor, catalytic fluidized bed, plasma reactor). Various TEA studies
also revealed that the key element in determining the economic
feasibility of TDM is the potential sales of the generated carbon
product, which could be a showstopper to successful industrial
deployment of the technology.
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