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Abstract

Fossil fuels have to be substituted by climate neutral
fuels to contribute to CO2 reduction in the future en-
ergy system. Pyrolysis of natural gas is a well-known
technical process applied for production of, e. g., carbon
black. In the future it might contribute to carbon diox-
ide-free hydrogen production. Production of hydrogen
from natural gas pyrolysis has thus gained interest in

research and energy technology in the near past. If
the carbon by-product of this process can be used for
material production or can be sequestrated, the pro-
duced hydrogen has a low carbon footprint. This arti-
cle reviews literature on the state of the art ofmethane
/ natural gas pyrolysis process developments and at-
tempts to assess the technology readiness level (TRL).
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1 Introduction

Due to their large energy storage and transport capacities, the

gas infrastructure in Germany and Europe can make a signifi-

cant contribution to the successful implementation of the ener-

gy turnaround. In order to achieve the CO2 emission reduction

targets, fossil natural gas will have to be increasingly substi-

tuted by climate-neutral gases in the medium term. In addition

to gases from renewable sources such as biogas from fermenta-

tion or gasification of biomass and hydrogen or methane

(SNG) from PtG processes, the provision of hydrogen via

reforming or pyrolysis of natural gas is currently being dis-

cussed. In the case of the latter two options, the carbon con-

tained in the natural gas molecules ends as CO2 or solid car-

bon. In order to achieve a positive effect in terms of

greenhouse gas emissions, the carbon containing product

formed must be permanently removed from the global carbon

cycle or be used for material production. While steam reform-

ing of natural gas for hydrogen production is state of the art,

especially in the chemical and petrochemical industry, pyrolysis

of natural gas for hydrogen production has not yet been com-

mercialized in large scale. This paper reports on the state of the

art of natural gas pyrolysis processes and research approaches

reported in literature. It attempts to assess the technology read-

iness level (TRL) of the different processes reported.

2 Fundamentals of Methane Pyrolysis

Methane pyrolysis is the thermal decomposition of methane.

Using nickel as catalyst, methane conversion in the percentage

range is observed above approx. 500 �C [1]. Without a suitable

catalyst, the decomposition reaction starts at temperatures

above 700 �C [2]. In order to achieve technically relevant reac-

tion rates and methane conversion rates, the temperature must

be considerably higher, i.e., for catalytic processes above

800 �C, for thermal processes above 1000 �C, and when using

plasma torches at up to 2000 �C [3].

The main reaction of methane pyrolysis is endothermic and

ideally produces solid carbon and gaseous hydrogen according

to the following reaction equation:

CH4fiCþ 2H2 DRH
� ¼ 74:91 kJ mol�1 (1)

In most literature sources, the pyrolysis of methane is dis-

cussed as a synonym for the pyrolysis of natural gas for large-

scale hydrogen production without CO2 emissions [3, 4]. Meth-

ane pyrolysis is always evaluated in comparison to steam

reforming, as this is the state of the art for the production of
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hydrogen from natural gas. Steam reforming of natural gas is

an endothermic process that requires temperatures of 750 �C

to 900 �C and pressure above 30 bar on a Ni-based catalysts

[5]. Steam reforming can be described by the following

Eqs. (2)–(4):

CH4 þH2OðgÞ Ð COþ 3H2 DRH
� ¼ 206:28 kJ mol�1

(2)

COþH2OðgÞ Ð CO2 þH2 DRH
� ¼ �41:16 kJ mol�1

(3)

CH4 þ 2H2OðgÞfiCO2 þ 4H2 DRH
� ¼ 165:12 kJ mol�1

(4)

From a material point of view, Eq. (1) shows that methane

pyrolysis produces two molecules of hydrogen and one mole-

cule of carbon from one methane molecule. In steam reform-

ing, Eq. (4), the conversion of water vapor releases twice the

amount of hydrogen, but also one CO2 molecule.

Energetically, the reaction enthalpy for hydrogen produc-

tion by methane pyrolysis (DRH� = 37 kJmol–1 H2)

corresponds approximately to that of steam reforming

(DRH� = 41 kJmol–1 H2) if the energy for providing the water

vapor is not taken into account. If the evaporation of the

water (DvapH� = 44 kJmol–1 H2O) is considered, in total

DRH� = 63 kJmol–1 H2 must be applied for steam reforming,

which means that the process is energetically less favorable

than the pyrolysis process. However, it should be noted that

all pyrolysis processes described in literature are operated

under near atmospheric pressure conditions at the current

stage of development, whereas steam reforming is operated

at higher pressure.

In all cases, the process-specific heat loss and the expendi-

ture for hydrogen compression required must be taken into

account for assessment of the energy efficiency. Furthermore, it

should be noted that Eq. (1) of the methane pyrolysis describes

only the main reaction path. In addition to the actual target

products hydrogen and carbon, side reactions produce further

saturated and unsaturated hydrocarbons and (poly)cyclic aro-

matic compounds, which can occur in all three states of aggre-

gation [6–8]. If technically pure hydrogen has to be produced,

e.g., as feedstock for the chemical or petrochemical industry,

the product gas of methane pyrolysis must therefore be further

conditioned by appropriate gas purification. If hydrogen is

used as a chemical fuel, a significantly lower purity of the

hydrogen is required and, thus, the conditioning requires much

less effort.

In technical processes, natural gas and not methane is used

as feed stock; therefore, when evaluating the technology readi-

ness levels of the various processes described in literature, a

distinction must be made between methane and natural gas

pyrolysis. Theoretical considerations and laboratory experi-

ments are usually carried out with methane without taking into

account other reaction partners. In addition to methane, how-

ever, real natural gases usually contain a large number of other

compounds (CO2, H2O, higher hydrocarbons, sulfur com-

pounds, etc.) [9], which also react under pyrolysis conditions

and thus have a significant influence on selectivity, products,

and conversion rate. Experimental and theoretical results on

methane pyrolysis can therefore only be transferred to natural

gas to a limited extent. This applies in particular to the product

gas quality, the catalyst service life, and the solid deposits in the

reactor.

As shown in Eq. (1), the pyrolysis of methane theoretically

produces one mole of carbon and two moles of hydrogen per

mole of methane. A simple balance of mass and energy (calo-

rific value-related) yields the following values:

Mass : 1t CH4 fi 250kg H2 þ 750kg C (5)

Energy : 50000MJþ DRH
�fi 30000MJþ 24600MJ (6)

From the point of view of the mass balance, carbon is the

main product of methane pyrolysis and should be used as proc-

ess product to increase the economics of a process. Such uti-

lization must be CO2-neutral if the hydrogen produced by the

pyrolysis process is to be assessed as being CO2-neutral.

Depending on the pyrolysis process, the carbon product, often

also referred to as thermal black or carbon black, is character-

ized as large primary particles of high density and purity and

can be a valuable industrial product [10]. Its use as a substitute

for coal or crude oil products is also being discussed [11] but is

not relevant with regard to the avoidance of CO2 emissions in

hydrogen production. If carbon sequestration is desired, solid

carbon from methane pyrolysis is advantageous over gaseous

CO2 from steam reforming, as the solid could be deposited,

e.g., in former coal mines. From an energetic point of view, the

calorific value of the product gas is reduced to approx. 60%

compared to the natural gas due to the removal of solid car-

bon.

On a large scale, natural gas pyrolysis was first used around

1930 in the thermal black process [12]. This process, which is

still employed sporadically today, serves to produce high-qual-

ity carbon black products. The yield of solid carbon is approx.

40%; the resulting hydrogen and gaseous by-products are used

as fuel to heat the discontinuously operated reactors. In the last

decades, the thermal black process has been increasingly

replaced by the furnace black process. The feedstocks are usu-

ally inferior refinery by-products. By varying the relevant oper-

ating parameters, this process allows the production of nearly

all carbon black grades [13].

Due to the efforts to reduce CO2 emissions from the conver-

sion and use of fossil fuels, the production of hydrogen increas-

ingly comes into focus. Assuming the availability of cheap nat-

ural gas, pyrolysis processes have the potential to produce

hydrogen at a moderate price and with a low CO2 footprint, if

the reaction enthalpy required for pyrolysis can be provided

without CO2. In 2016, Machhammer et al. estimated product

costs of 2600 to 3200 € t–1 of hydrogen (depending on projected

revenues for the by-product carbon), which have to be

compared to 2000 € t–1 of hydrogen from steam reforming [4].

The technical challenges in all natural gas pyrolysis processes

are the high conversion rates required for the economic opera-

tion of a process and the associated high process temperatures,

the product gas purity, and the handling of solids generated

from the gas phase, which can lead to deposits or even block-

ings.
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3 Methane Pyrolysis Process Overview

The methane pyrolysis processes described in literature can be

divided into three categories (Fig. 1). For the thermal decompo-

sition of methane, reaction temperatures of well over 1000 �C

are required [1]. If the process heat is provided via the reactor

walls, soot deposits on hot surfaces, which typically leads to

operational disturbances and a deterioration in heat transfer

[14].

In plasma decomposition, high local energy densities and

temperatures of up to 2000 �C are generated by means of a

plasma torch. Large gas volume flows are usually recirculated

to stabilize the plasma. In the area of the actual plasma torch,

cooling, electrode wear, and carbon deposits are among the

greatest technical challenges.

The catalytic decomposition of methane typically shows sat-

isfying reaction rates and conversion rates already at tempera-

tures well below 1000 �C. However, the active catalyst surface is

usually deactivated after a short time by the solid carbon

formed on it. Mechanical destruction of the support is reported

caused by the incorporation of carbon in the catalyst.

Tab. 1 gives an overview of the pyrolysis processes described

below, classified according to the three categories mentioned

above. Only those processes are presented that have achieved

at least a technology readiness level of TRL 3 [15]. Numerous

proof-of-principle studies on methane pyrolysis, particularly

with regard to the reaction kinetics and other possible catalysts,

can be found in [8, 16–18].

3.1 Thermal Decomposition

A thermal pyrolysis process for natural gas was developed by

a consortium around BASF SE as part of a research project

of the German Federal Ministry of Education and Research

[11, 19–21]. The primary goal of the process is the production

of hydrogen, however, the carbon product is intended to be

used commercially. In a moving-bed reactor, carbon granules

are conducted in counterflow to the gas phase at temperatures

of up to 1400 �C (Fig. 2). The cold gas flow is preheated by the

hot granules leaving the reactor. In the reaction zone, the car-

bon bed is directly heated by electrodes. It is postulated that

the pyrolysis reaction takes place mainly at the surface of the

granules. This assumption is supported by the observed growth

of the carbon granule particles passing through the reactor.

The hot product gas leaving the reactor finally heats the cold

carbon granules entering the reactor. Depending on the desired

hydrogen quality, treatment of the product gas by pressure

swing adsorption (PSA) is suggested. The authors point out

that cooling the product gas for heat recovery may also lead to

by-product condensation. The scale-up of the process is being

developed in an ongoing research project [22].

Together with the Institute for Advanced Sustainability Stud-

ies e. V. (IASS), a research group at the Karlsruhe Institute of

Technology (KIT) developed a process for methane pyrolysis in

liquid metal to produce hydrogen [24–27]. In this process,

methane is thermally decomposed at temperatures of up to

1200 �C when passing through a liquid tin filled bubble column

reactor (Fig. 3). In previous test campaigns, it was found that a

small amount of carbon was deposited on the heated wall

(approx. 10 mm layer thickness after several days of operation).

Ideally, most of the produced solid carbon floats as powder on

the liquid tin and may be separated. The laboratory reactor is

operated with a methane volume flow up to 0.012m3h–1

(NTP). The process is not completely represented with the

experimental set-up, as there is no continuous soot separation

and tests so far can only be performed in batch operation with

regard to the tin inventory. A scaling is not yet foreseeable [28];
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Figure 1. Categories of methane pyrolysis processes.

Figure 2. Operating parameters and schematic of the directly

electrically heated moving- bed reactor according to [11, 23].
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however, two research projects have been started for further

process development [29].
3.2 Plasma Decomposition

In the 1990s, the Norwegian company Kvaerner patented a

plasma torch for the production of carbon black through pyrol-

ysis of natural gas and higher hydrocarbons [30–33]. In this

process, natural gas is fed to a plasma torch which is operated

with recirculated hydrogen and electric power. After successful

operation of a pilot plant with a plasma output of 3MW, the

Karbomont plant with an annual thermal black production of

20 000 t was set up in Canada in 1997 [34]. The plant was

decommissioned and dismantled in 2003; one of the reasons

cited was the insufficient quality of the thermal black [35].

In 2012, the US company Monolith Materials started the de-

velopment of a plasma process (Fig. 4) based on the Kvaerner

technology and the work by Fulcheri et al. at MINES ParisTech

with carbon black as primary target product [36, 37]. The oper-

ation of a pilot plant (Seaport Plant) was successful, but the

plant was dismantled in 2018, no reasons given [38]. In parallel

to this project, construction of the Olive Creek plant in Nebras-

ka started in 2016 with a scheduled carbon black production of

10–15 kt a–1. Commissioning was planned for 2018 [3]. How-

ever, according to the current status, the plant will not be

mechanically completed before 2020 [39]. The produced

hydrogen will be torched in the first stage of completion. Later
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Table 1. Overview of methane/natural gas pyrolysis processes.

Principle Developer, facility Target product Period Reactor description State of development TRL

Thermal BASF H2 2012– Moving bed of carbon

granules

Laboratory plant, R&D

project for scale-up

4

Thermal KIT / IASS H2 2013– Liquid tin bubble column Laboratory, R&D project

for process development

3

Plasma Kvaerner Carbon black 1992–2003 Plasma torch Pilot plant, with subsequent

scale-up (Karbomont plant)

6

Plasma Kvaerner, Karbomont

plant

Carbon black 1997–2003 Plasma torch Production plant

(decommissioned and

dismantled)

8

Plasma Monolith materials,

Seaport plant

Carbon black 2014–2018 Plasma torch (similar to

Kvaerner)

Pilot plant (dismantled),

with subsequent scale-up

6

Plasma Monolith materials,

Olive Creek Plant

Carbon black 2016– Plasma torch (similar to

Kvaerner)

Production plant,

mechanical completion

planned for 2020

8

Plasma Atlantic hydrogen,

carbonsaver

Mixture H2 /

natural gas

2005–2015 Plasma torch Pilot plant (not put into

operation), development

stopped due to bankruptcy

5

Catalytic / Plasma Tomsk Universities,

TOMSK-GAZPROM

H2 2008– Microwave, Ni catalyst bed +

plasma torch

Laboratory, no further

information on scale-up

3

Catalytic UOP, HYPRO process H2 1963 2-stage fluidized bed with

Ni catalyst

Laboratory plant,

development was stopped

4

Catalytic Florida Solar Energy

Center

H2 2003–2005 2-stage fluidized bed with

C catalyst

Laboratory, no information

on further development

3

Catalytic Hazer Group H2 2010– 3-stage fluidized bed with Fe

catalyst

Laboratory, pilot plant to be

constructed by 2021

3

Figure 3. Operating parameters and schematic of the laborato-

ry reactor at KIT according to [28].
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on, the hydrogen is planned to be used for energy production

in a nearby power plant [40].

The Canadian company Atlantic Hydrogen has developed a

process where natural gas is decomposed in a plasma torch

(Fig. 5). The original aim was to enrich natural gas with hydro-

gen before distribution in the gas grid [42, 43]. The prototype

with a feed gas flow of 50m3h–1 (NTP) demonstrated the com-

plete process, and the plant was used in an industrial environ-

ment. In test campaigns, natural gas was enriched with up to

20% hydrogen. Furthermore, up to 4% higher hydrocarbons

in the product gas were reported. During the construction of a

larger pilot plant near the Irving Refinery in Canada in 2015,

the company went bankrupt, the technology was not followed

up [44, 45].

In 2008, the universities in Tomsk, Siberia, in cooperation

with the company TOMSK-GAZPROM, patented a process

(Fig. 6) that combines a plasma torch with a catalyst stage

[46–48]. The process is described to be based on effects

induced by microwave radiation. In the pyrolysis reactor, a

metallic catalyst bed is heated by microwaves and, according to

the authors, micro-discharges occur between the catalyst par-

ticles, which support the decomposition of the natural gas. The

further reaction finally takes place in a downstream plasma

torch positioned at the end of the catalyst bed [49–51]. No

approach on scaling up the laboratory apparatus has been pub-

lished so far. An experimental setup where natural gas is exclu-

sively split in a plasma torch without the use of catalysts was

last described in 2018 [52].

3.3 Catalytic Decomposition

In the 1960s, the HYPRO process was developed by the com-

pany Universal Oil Products (UOP) [53] with the aim of pro-

viding hydrogen for refinery processes. In this process, light

hydrocarbons are decomposed in a fluidized bed over a nick-

el catalyst at 800–1100 �C. The catalyst is continuously regen-

erated in a second fluidized bed by burning the resulting car-

bon black. This method is similar to the FCC process for

cracking liquid hydrocarbons in refineries. Due to the com-

plexity and cost of the catalyst solids circulation, this process

could not prevail over the well-established steam reforming

process. Furthermore, in the HYPRO process, the converted

carbon is released as CO2 from the combustion stage, which

excludes its use for the low-CO2 production of hydrogen if

CO2 is not used or sequestrated. So far, one laboratory plant

with a methane throughput of up to 7m3h–1 was built in

www.ChemBioEngRev.de ª 2020 The Authors. Published by Wiley-VCH

Figure 4. Operating parameters and schematic of the monolith
process according to [40, 41].

Figure 5. Operating parameters and schematic of the Atlantic

Hydrogen pilot plant according to [42].

Figure 6. Operating parameters and schematic of the laborato-
ry facilities in Tomsk according to [47, 49].

These are not the final page numbers! &&



Illinois (USA). The development of the method was not con-

tinued [54].

A research project presented by the Florida Solar Energy

Center in 2003 is based on the catalytic effect of carbon par-

ticles on the pyrolysis of natural gas with hydrogen as the target

product [55]. Similar to HYPRO, the process proposed and

patented in this project by Muradov et al. [56, 57] is based on

two separate fluidized bed reactors: a pyrolysis reactor and an-

other reactor where heat is provided, and the carbon catalyst is

being regenerated. As shown in Fig. 7, some of the PSA-sepa-

rated off-gases are partially oxidized with air. It is postulated

that the resulting water vapor and CO2 activate the catalyst by

partial gasification. The throughputs of the laboratory appara-

tus described are below 0.3m3h–1 (NTP). The complete process

is not tested, as there is no continuous catalyst regeneration.

The latest publication dates from 2005 [56], there is no indica-

tion that this development was continued.

In 2016, the Australian company Hazer patented a fluidized-

bed process where natural gas is to be decomposed to produce

hydrogen using catalytically active iron ore (Fe2O3/Fe3O4)

[58–60]. According to the patent description, the hydrogen

yield, the product quality of the pyrolysis carbon, and the deac-

tivation of the catalyst material can be controlled by pressure,

temperature, and mass flow in the reactor. The three-stage

countercurrent fluidized-bed system with different pressure

stages shown in Fig. 8 was implemented on a laboratory scale.

The described methane flow of 0.01 Lmin–1 is very low.

According to press releases, the laboratory facility has been

expanded in terms of throughput; construction of a pilot plant

is planned for 2021 [61–64].

4 Summary

Steam reforming of natural gas is a state-of-the-art process for

hydrogen production. Pyrolysis of natural gas has not yet been

commercialized under the aspect of hydrogen production. This

paper reports on the development of natural gas pyrolysis pro-

cesses and research approaches described in literature and

attempts to assess their technology readiness level (TRL).

The process concepts for methane pyrolysis can be divided

into three categories: (i) thermal decomposition, (ii) plasma

decomposition, and (iii) catalytic decomposition. The process

overview (see Tab. 1) shows that plasma processes for the pro-

duction of carbon black from natural gas have been realized on

industrial scale (e.g., Kvaerner process, Karbomont plant, TRL

8) and are still being further developed (Olive Creek plant,

mechanical completion planned 2020, TRL 8). In these proc-

esses, hydrogen is used as a by-product to produce thermal en-

ergy. After successful operation of a pilot plant (Carbonsaver

process, TRL 5), a plasma torch for the production of hydro-

gen-enriching natural gas was not developed further. Process

approaches on thermal decomposition (KIT process, TRL 3),

catalyst/plasma decomposition (TOMSK-GAZPROM consorti-

um, TRL 3), and catalytic decomposition (e.g., Hazer Group,

TRL 3) are still at a very early stage of development. Only

BASF’s thermal process (carbon granules in a moving bed,

TRL 4) is already being further developed for scale-up.

Literature is often limited to the pyrolysis of methane as a

single molecule and the challenges arising from the use of natu-

ral gas are not addressed. The quality of the produced hydro-

gen product gas is only sporadically reported. The quality and

the use of carbon, which are important for the economic effi-
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Figure 7. Schematic of the process proposed by Muradov et al.
according to [56], and operating parameters of the laboratory

facilities [55].

Figure 8. Operating parameters and schematic of the Hazer
process according to [58].
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ciency of the process, are typically not addressed in a reliable

manner.

The authors have declared no conflict of interest.

Acknowledgement

Open access funding enabled and organized by Projekt DEAL.

Stefan Schneider graduated

with a Master’s degree in

Chemical and Process Engi-

neering from the Karlsruhe

Institute of Technology (KIT)

and worked as a test engineer

in the industry for 3 years.

In 2018, he changed to

the Engler-Bunte-Institut –

Fuel Technology and works

there as research assistant.

Siegfried Bajohr graduated as a

chemical engineer from the

University of Karlsruhe in 1996.

After his Ph.D. in 2002, he

started his educational academ-

ic work as lecturer at the Engler-

Bunte-Institut – Fuel Technolo-

gy of the University of Karls-

ruhe (now KIT) and continued

his research work on gas phase

reactions and catalysis. His

current R&D work focuses on

catalytic processes for synthesis,

conversion, and utilization of

regenrative and fossil fuels.

Frank Graf studied Process

Engineering at the University

of Karlsruhe and Economics at

FernUniversität Hagen and

received his doctorate from the

Engler-Bunte-Institute in 2007.

He heads the division Gas

Technology of the DVGW

Research Center at Engler-

Bunte-Institute and is respon-

sible for the research area

‘‘Physico-Chemical Fuel Pro-

cessing’’ at the Engler-Bunte-

Institut – Fuel Technology. His

main research topics are the generation and processing of

gases from renewable sources.

Thomas Kolb received his

Ph.D. in 1990 from the

University of Karlsruhe, one of

the predecessors of KIT. He

became Professor for Thermal

Waste Treatment at University

Karlsruhe in 2002 and has

been Head of the Engler-

Bunte-Institut – Fuel Tech-

nology since 2010, holding a

Chair of Fuel Process Engi-

neering. He is also Head of

the Department ‘‘Gasification

Technology’’ at the Institute

for Technical Chemistry at KIT. Currently, he is Dean of the

Faculty Chemical and Process Engineering of KIT and heads

the DVGW Research Center for Gastechnology at Engler-

Bunte-Institut of KIT.

Symbols used

DRH� [kJmol–1] reaction enthalpy under standard

conditions

DvapH� [kJmol–1] enthalpy of evaporation under

standard conditions

Abbreviations

FCC fluid catalytic cracking

NTP normal temperature and pressure

PSA pressure swing adsorption

PtG power-to-gas

SNG substitute natural gas

TRL Technology Readiness Level
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