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A B S T R A C T

The economic and ecologic feasibility of thermal pyrolysis processes with the feedstocks natural gas (H2 and 
carbon as products) or biogas (syngas and carbon as products) are studied for different locations – China, USA, 
Germany, Saudi Arabia, and Türkiye – and compared with state-of-the-art steam reforming and water electrol
ysis. At all considered locations, the current power generation still causes significant CO2 emissions between 0.36 
and 0.70 kg CO2e/kWh, leading to CO2 emissions of H2 production via water electrolysis of more than 18 kg 
CO2e/kg H2. In contrast, due to a lower energy demand, the thermal pyrolysis of natural gas allows for H2 
production with considerably less CO2 emissions between 6 and 12 kg CO2e/kg H2. With a hypothetical power 
generation relying exclusively on renewable sources, thermal pyrolysis can produce H2 with approx. 2 kg CO2e/ 
kg H2 (originating from natural gas production), which is ecologically more favorable than steam reforming with 
carbon capture and storage. Furthermore, the H2 production costs from thermal pyrolysis of natural gas are lower 
than from electrolysis and steam reforming for locations with low natural gas and electricity costs. For instance, 
in the USA and Saudi Arabia, H2 can be produced for less than 1 €/kg H2. Using biogas as feed for a thermal 
pyrolysis process even leads to negative CO2 emissions of up to − 1.28 kg CO2e/kg syngas if the electricity supply 
is provided from renewable sources, which transforms the process to an active CO2 sink. However, a potential 
biogas-to-syngas process cannot compete with state-of-the-art steam reforming in terms of production costs, 
mainly due to high biogas prices and significantly lower production capacities. In summary, natural gas pyrolysis 
can be an economically and ecologically feasible alternative to large-scale steam reforming and water electrol
ysis, especially if prices for the produced carbon exceed 500–1000 €/t. Moreover, a decentralized framework of 
biogas pyrolysis plants can serve as a feasible CO2 sink when valuable, sustainable syngas and carbon are 
produced.

1. Introduction

The pyrolysis of methane-containing feedstocks is a promising 
method for carbon dioxide-free hydrogen (H2) production and carbon 
fixation and is therefore considered a potential climate-friendly alter
native to steam reforming and a cost-effective alternative to water 
electrolysis [1–5]. However, since typically high temperatures are 
required to decompose the methane (CH4) molecule, certain re
quirements must be fulfilled in this context. First, the pyrolysis reactor 
should be heated using renewable energy sources to eliminate direct 
carbon dioxide (CO2) emissions. Second, also indirect emissions need to 
be considered for a holistic ecological assessment. Herein, the methane 

source has a significant impact on the CO2 footprint of the overall pro
cess chain and the feed can even affect the products. For instance, while 
the pyrolysis of natural gas yields solid carbon and gaseous hydrogen, 
the pyrolysis of biogas results in the formation of syngas, which is a 
mixture of H2 and CO. The latter process can even result in negative CO2 
emissions, making it a potential CO2 sink [6]. In contrast, conventional 
hydrogen production routes, such as steam reforming and coal gasifi
cation, cause CO2 emissions, which can only be reduced by carbon 
capture and storage (CCS) technologies. For this, CO2 is typically sepa
rated from the exhaust gas of the production plant in a first step and then 
stored in a second step, e.g. by injection into suitable geological for
mations, usually underwater [7].

* Corresponding authors.
E-mail addresses: deutschmann@kit.edu (O. Deutschmann), patrick.lott@kit.edu (P. Lott). 

Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

https://doi.org/10.1016/j.enconman.2024.119414
Received 8 October 2024; Received in revised form 6 December 2024; Accepted 13 December 2024  

Energy Conversion and Management 326 (2025) 119414 

Available online 4 January 2025 
0196-8904/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0009-0003-5500-3882
https://orcid.org/0009-0003-5500-3882
https://orcid.org/0000-0001-9211-7529
https://orcid.org/0000-0001-9211-7529
https://orcid.org/0000-0001-8683-2155
https://orcid.org/0000-0001-8683-2155
mailto:deutschmann@kit.edu
mailto:patrick.lott@kit.edu
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2024.119414
https://doi.org/10.1016/j.enconman.2024.119414
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2024.119414&domain=pdf
http://creativecommons.org/licenses/by/4.0/


The endothermic decomposition of methane according to Equation 1 
(reaction enthalpy referring to graphitic carbon) can be realized in 
thermal processes [8–11], catalytically on metal-based systems [12,13], 
or by using carbon as catalyst [14,15,8]. While metal-based catalysts 
enable reasonable CH4 conversion already at lower temperatures (<
800 ◦C) [12,13], thermal operation ensures the production of pure 
carbon without metallic impurities and makes regular catalyst regen
eration redundant, but requires higher temperatures well above 1000 ◦C 
[8,16]. The use of carbon as a catalyst combines both advantages and 
thus enables a quasi-autocatalytic process in which the carbon grows 
primarily on the carbon particles provided initially [17,18,8]. Further
more, various reactor configurations were suggested, which differ pri
marily in their energy supply and particle flow control. These include 
plasma torches [19,20], liquid salt or liquid metal-based systems 
[21,22], microwave-based systems [23], moving or packed bed systems 
[24,25], and flow reactors [8,9]. All these approaches aim at an accel
eration of the reaction mechanism that comprises radical formation, 
dehydrogenation and coupling steps, and the suppression of undesired 
byproduct formation that result from incomplete dehydrogenation 
[9,26–33]. 

CH4 (g) → 2H2 (g) + C (s); ΔRH◦ = 75 kJ mol− 1                             (1)

In addition to entirely technical aspects, an economic and ecological 
assessment must be considered as well during the design of the overall 
process. In particular, the chemical feedstocks, the energy sources, and 
any purification steps before and after the reactor are decisive factors 
that can depend heavily on external factors such as the location. This 
request emphasizes the importance of techno-economic studies, which 
can put the feasibility and profitability of modern pyrolytic production 
plants in context to conventional processes, such as steam reforming or 
water electrolysis.

In this regard, some studies have already examined the production 
costs for hydrogen via methane pyrolysis and compared these with 
reference data for steam reforming and water electrolysis [2,34–38]. 
Herein, it became clear that methane pyrolysis can be significantly 
cheaper than water electrolysis and can certainly be economically 
competitive compared to steam reforming – notably even without 
considering possible CO2 taxation [38] – although this depends heavily 
on other factors, in particular the selling price for the produced carbon 
[38,39]. The carbon varies significantly: For example, carbon in the 
form of coke can be sold for 140–370 €/t, carbon black for over 900 €/t, 
activated carbon for 1800 €/t, graphite for over 9,000 €/t, or in the form 
of carbon filaments for over 1 million €/t [10,39]. Whether and which 
forms of carbon can be produced during methane pyrolysis is still the 
subject to current research [10,40–43]. However, since the conventional 
methods for carbon black production to date have been emission- 
intensive furnace processes [44–47], methane pyrolysis would offer 
the potential to transform this industry into climate-friendliness.

In addition to the carbon price, important factors influencing prof
itability and the carbon footprint include the energy source, the location 
and, in particular, the methane source; the latter has been insufficiently 
studied in previous studies. The current main source of methane is 
natural gas, which stands out due to its widespread availability, its 
comparatively low price, but also its greenhouse gas intensive extrac
tion, mainly due to leakages [48,49]. Biogas, on the other hand, is 
potentially the most environmentally friendly source of methane, 
because atmospheric CO2 can be fixed in biomass, whose fermentation 
and subsequent pyrolysis yields syngas [6]. If the H2:CO ratio is suitable, 
this syngas can be widely used in industry. For example, syngas with an 
H2:CO ratio of 2:1 can be used to produce methanol, which may then 
serve as a feedstock in the chemical industry or as a climate-friendly 
fuel, e.g. in the shipping industry [50]. However, one drawback of 
using biogas as feedstock is its limited availability, especially compared 
to natural gas [51]. Therefore, it has not yet been conclusively clarified 
whether an application in a pyrolysis process is economically 

reasonable.
As a consecutive step towards a better understanding of the overall 

process design on an industrial scale, in the present study various 
thermal pyrolysis processes are investigated with two different methane 
sources, namely natural gas and biogas. In addition to highlighting the 
influence of process parameters, in particular the reactor temperature, 
the influence of external and site-dependent factors, such as costs for 
feedstock and energy or the carbon sales price, on the production costs 
and environmental footprint of the respective process are considered. By 
comparing the results with the respective data for conventional pro
cesses, namely steam reforming, electrolysis, and coal gasification, it is 
studied to what extent and for which locations the pyrolysis of methane 
or biogas is economically and ecologically feasible.

2. Methods

2.1. Process simulation

The methane pyrolysis process is simulated with the Aspen Plus 
software (V12; simulation details can be found in the ESI) [52]. The 
reaction conditions such as temperature, pressure, residence time, and 
gas composition used for the reactor simulation are based on experi
mental results from previous publications [6,8,11]. Herein, two 
different feed gases – natural gas and biogas – were used for investi
gating thermal pyrolysis processes under industrially viable conditions 
in a lab-scale high-temperature reactor. For natural gas, a synthetic 
mixture (SNG, AirLiquide, consisting of 81.2684 vol-% CH4, 2.9710 vol- 
% C2H6, 0.4913 vol-% C3H8, 0.0993 vol-% C4H10, 14.1600 vol-% N2, 
and 1.0100 vol-% CO2) served as feed in a previous publication [11]; for 
biogas, a mixture of CH4 and CO2 with a molar ratio of 1:1 (common for 
fermentation processes of agricultural waste [53,54]) was used in a 
previous experimental study [6].

Irrespective of the feed gas, the process comprises a heating section, a 
high-temperature flow reactor, a cooling section, and a gas separation as 
illustrated in the basic flow sheet given in Fig. 1. In the process shown, 
the feed gas is first preheated to 800 ◦C by the hot product gas in a heat 
exchanger. The feed gas is then heated further to reaction temperature 
using an electric heater before it enters the electrically heated pyrolysis 
reactor. Herein, a complete separation of the produced carbon from the 
gaseous products is assumed. The effluent product gas stream enters the 
heat exchanger where it is cooled to 100 ◦C with water as cooling me
dium. Finally, the product gas is purified by means of pressure swing 
adsorption (PSA) that ensures complete purification.

Although H2 is known to inhibit thermal CH4 decomposition [55,56], 
a dilution of the feed gas stream with H2 is considered in all simulations. 
On the one hand, the H2 content can be used for kinetic control of the 
pyrolysis reactions and is consequently an effective measure to prevent 
reactor clogging. On the other hand, it simplifies the downstream gas 
separation and helps to achieve a H2:CO ratio of 2:1 in the effluent 
product gas stream if biogas is used as feed, therefore the dilution ratio 
depends on the feed gas used.

Since natural gas is typically more abundant than biogas, the volume 
flow into the system and thus the dimensions of the system are varied. In 
order to ensure comparability with conventional processes, for natural 
gas pyrolysis a total feed gas volume flow of 475,000 Nm3/h is assumed, 
which is the average feed gas consumption of a steam reforming plant 
[57]. In contrast, for biogas as feed the sizing correlates to the maximum 
size of a fermentation plant for biogas production from energy crops or 
liquid manure. A large biogas plant can commonly produce a maximum 
of 2000 Nm3/h of biogas, e.g. with corn silage as substrate; due to long 
transport routes of the biomass to the fermentation plant, a higher 
production capacity would be economically disadvantageous [58].

While for natural gas, a molar H2:natural gas ratio of 2:1 creates 
balance between avoidance of reactor clogging and inhibition of the 
decomposition reaction for all temperatures considered herein [11], the 
H2 dilution ratio that was used for the techno-economic assessment 
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depends on the reactor temperature for biogas. At temperatures of 
1500 ◦C and above, almost full CH4 and CO2 conversion were reported 
for a feed gas composition with an initial molar CH4:CO2 ratio of 1:1 [6]. 
Therefore, only minimal amounts of H2 are needed in the feed gas 
mixture, namely a molar H2:biogas ratio of 0.1:1, to ensure a molar H2: 
CO ratio of 2:1 in the product stream. As the CH4 and CO2 conversion 
decrease for lower reactor temperatures, a molar H2:biogas ratio of 0.2:1 
was assumed at a reactor temperature of 1400 ◦C and a ratio of 0.3:1 was 
assumed at 1300 ◦C, respectively. Consecutively, with a molar H2:biogas 
dilution ratio of ≤ 0.3:1, the plant was simulated with a feed gas volume 
flow of 2600 Nm3/h. Table 1 summarizes the conditions used in the 
simulations.

Note, that for the sake of simplification the feed gas at the start of the 
process was assumed to be free of moisture and free of sulfur species. 
This assumption is particularly relevant for biogas, as the biogas from 
fermentation can contain up to 3–5 % of water [59]. However, although 
neither the drying of the biogas nor the desulfurization of the feed gas is 
simulated in Aspen Plus, both are taken into account as relevant factors 
in the cost calculation.

2.2. Cost calculation

The total costs are calculated from capital expenditures (CAPEX) and 
operational expenditures (OPEX) using empiric equations, data from 
literature, and commercial prices. All costs presented in this study are 
calculated in euros (€); whenever US dollar ($)-based values needed to 
be considered in the equations, a conversion factor of 0.92 €/$ was taken 
into account. To calculate the total CAPEX the costs of the individual 
components must be determined individually. Herein, the chemical 
engineering plant cost index (CEPCI) is taken into account individually 
for each component tracking changes in chemical engineering plant 
costs over time [60]. Using this index, the costs for upstream H2S sep
aration is calculated according to Equation (2) [61]. 

C1 [€] =
CEPCI2023

361.3
• 883.2 •

⎛

⎝ Ṁin [kg/h]
2.20462 kg/h

⎞

⎠

0.7

(2) 

Herein, C1 represents the capital costs for the H2S separation and Ṁin the 
total inlet mass flow. Accordingly, the capital costs for the product pu
rification using PSA are calculated using Eq. (3) [62]. 

C2 [€] =
CEPCI2023

392.6
• 1, 389,200 •

⎛

⎝Ṅin [kmol/h]
500 kmol/h

⎞

⎠

0.6

(3) 

C2 represents the capital costs for the PSA and Ṅin the total inlet molar 
flow. The calculation of the costs for the sorbent of the PSA were 
calculated separately. In particular, it is assumed that 1 kg sorbent ad
sorbs 0.01 kmol/h of gas [61] with a cycle time of 1 h, a total number of 
4 beds, and a sorbent price of 5.60 €/kg [61]. Furthermore, the costs for 
both heat exchangers (Fig. 1b and Fig. 1e) are calculated according to 
Equation (4) [62]. 

C3 [€] =
CEPCI2023

323.8
• 366.16 •

(
A
[
ft2]

1 ft2

)0.65

• 1.52 (4) 

Herein, C3 represents the capital costs for the heat exchanger and A the 
total heat exchange surface area. For the calculation of the heat ex
change surface area, usual heat transfer coefficients for a tube-bundle 
heat exchanger were used [63]. For the remaining components, refer
ence prices are taken from the literature, which are then adjusted to the 
conditions investigated in this study using a scaling parameter as shown 
in Eq. (5) [60]. 

Ci = CRef •
CEPCI2023

CEPCIRef
•

(
S

SRef

)0.6

• FLang (5) 

Herein, Ci describes the capital costs of the component, CRef the refer
ence capital costs, S the scaling parameter used in this study, and SRef the 
reference scaling parameter. The values considered for each parameter 
are given in Table 2. Furthermore, the resulting capital costs are 
multiplied with an averaged Lang factor FLang of 7 for methane pyrolysis 
processes [57,64–66].

Further assumptions were necessary for calculating the annual 
repayment of the capital costs. For instance, the total investment costs 
are to be paid off in 15 years and an equity share of 20 % is assumed. The 
weighted average cost of capital (WACC) was used to calculate the 
annual interest indicating an average interest rate for debt as well as 

Fig. 1. Basic flow sheet comprising: optional compressor (a), heat exchanger (b), electrical heater (c), reactor (d), cooling (e), gas separation (f).

Table 1 
Overview of assumed feed gas volume flows as well as considered reaction conditions.

Feed gas Feed volume flow (Nm3/h) Reactor temperature (◦C) Residence time (s) Pressure (bar) Molar H2:feed gas ratio

Natural gas 475,000 1000 – 1600 5 1 2:1
Biogas 2600 1300 – 1600 5 1 0.1:1 (≥1500 ◦C) 

0.2:1 (1400 ◦C) 
0.3:1 (1300 ◦C)

Table 2 
Reference data and scaling parameter considered for each component.

Component CRef (Mio. 
€)

Scaling 
parameter

SRef Reference

Compressor 0.6 Inlet volume 
flow

2000 Nm3/h [67]

Electrical 
heater

46 Electrical power 175 MW [57]

Reactor 2.7 Inlet volume 
flow

37,000 Nm3/ 
h

[57,62]

PSA 0.3 Inlet volume 
flow

2000 Nm3/h [61]
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equity. In the present study, a WACC of 6 % was assumed [68]. As the 
pyrolysis of natural gas or biogas is a continuous process, operation of 
24 h a day, 7 days a week is desirable. In order to account for in
terruptions in the production process that occur throughout the year, e. 
g. due to maintenance, an annual operating rate of approx. 90 % is 
assumed, leading to an operating time of 8000 h per year and a main
tenance time of approx. 760 h per year; these values were recommended 
as reasonable assumption for chemical plant operation by Towler and 
Sinnot [69]. The operational costs of the plant are primarily electricity 
costs for heating the reactor and the feed gases, further energy costs, as 
well as the costs for the feed gases itself. Moreover, operational costs 
include expenses for personnel, maintenance, and insurance, which are 
all calculated as a percentage of the total operational costs [2,60]. The 
values for all assumptions made in this context are shown in Table 3.

The sum of the OPEX and the annual repayment of the CAPEX gives 
the total annual costs of the plant. From this value the revenues from the 
sale of solid carbon are deducted, whereby within this study the carbon 
price is varied from 0 €/t (for the case that the carbon cannot be utilized 
and is only captured) to 2000 €/t (for the case of high-quality carbon 
black or activated carbon) [10,39]. In order to calculate the hydrogen 
production costs, the remaining costs are divided by the amount of 
hydrogen or syngas produced annually.

3. Results & Discussion

The results for the hydrogen or syngas production costs, respectively, 
and the carbon footprint of the overall process are calculated under 
consideration of the energy and mass balances from the simulated pro
cess as well as the cost calculation methodology described above. The 
results for both feed gases – natural gas and biogas – are presented below 
and especially the influence of reactor temperature and external 
location-dependent parameters, namely costs for feed gas and elec
tricity, are evaluated in detail. Variable carbon prices (0 €/t – 2000 €/t) 
and three different electricity sources are taken into account: 100 % 
local electricity mix, 50 % local electricity mix and 50 % electricity from 
renewable sources, and 100 % electricity from renewable sources. These 
factors are discussed for five different locations: United States of 
America (USA), China, Germany, Saudi Arabia, and Türkiye. In order to 
provide a holistic evaluation for each location that puts the results for 
the pyrolysis processes into context, the data are compared with other 
hydrogen or syngas production methods, in particular water electrolysis, 
conventional steam reforming and coal gasification (in the case of 
biogas-to-syngas), whereby the latter two processes are considered both 
with and without CCS. Location-dependent parameters that are assumed 
for each case based on data from literature, are summarized in Table 4.

3.1. Natural gas to hydrogen

3.1.1. China
As a first case for this study, local parameters for China were 

considered. Fig. 2 shows the costs for H2 production via the thermal 
pyrolysis process described above using fossil natural gas as feed as a 
function of the reactor temperature. In addition, variable sales prices for 
the produced carbon as well as different electricity sources are taken 
into account. Natural gas prices, data for electricity sources and their 

respective costs as well as the corresponding CO2 emissions of the power 
generation are taken from relevant literature [70–72,74]. Also, the 
corresponding production costs by means of electrolysis and steam 
reforming (with and without CCS) serve as reference data [49,86,87].

Irrespective of the electricity source, the production costs for H2 
decrease with increasing reactor temperature. This is a direct conse
quence of the significant increase in CH4 conversion with increasing 
temperature while the H2 selectivities remain relatively constant 
[6,8,55]. Therefore, the resulting higher amount of H2 produced com
pensates for the increased energy demand. Lower reactor temperatures 
in the range of 1200 ◦C to 1400 ◦C become slightly more profitable 
compared to higher reactor temperatures only if the carbon sales price is 
2000 €/t. At these temperatures CH4 conversions between 55 % and 85 
% and H2 selectivities higher than 95 % can already be achieved [6,8], 
which may already be sufficient for the design of an industrial process.

In a first step, the current electricity mix in China was considered for 
a more detailed analysis of the economic competitiveness (Fig. 2a). 
Currently, over 60 % of the power produced in China originate from coal 
plants and approx. 35 % from renewable sources; as of 2023, electricity 
is provided at an average cost of 7.6 €ct/kWh, which correlates with the 
emission of approx. 0.585 kg CO2e/kWh [70,74]. If under these cir
cumstances carbon is not sold but only stored (assumed here at 0 €/t), 
pyrolysis outperforms electrolysis in terms of profitability only at a 
reactor temperature of 1600 ◦C. While a carbon price of 500 €/t makes 
the pyrolysis process competitive at reactor temperatures at 1400 ◦C and 
1600 ◦C, a carbon sales price of 1000 €/t enables competitive reactor 
operation already at 1200 ◦C. With a carbon price of 1000 €/t, hydrogen 
can be produced for approximately 2 €/kg at 1600 ◦C, which is 
competitive with steam reforming. Notably, even negative H2 produc
tion costs would theoretically be possible if a carbon sales price of 2000 
€/t could be achieved. However, in this case the solid product would 
have to meet the requirements of activated carbon and therefore, among 
other criteria, have a BET surface area of higher than 300 m2/g [39,88]. 
These large surface areas are hard to achieve via thermal pyrolysis, as 
carbon deposition can strongly block micropores and consecutively 
lower the surface area significantly [25]. So, this comparatively high 
selling price for pyrolytic carbon is not realistic in the short-term, 
whereby in this respect the application-oriented characterization of 
pyrolytic carbon and its correlation with reactor operation parameters is 
still the subject of research [40,89]. Thus, these values should only be 
used for a prospective comparison.

If the electricity source is changed to a combination of 50 % local 
electricity and 50 % renewable sources (Fig. 2b), the average electricity 
price decreases to 5.1 €ct/kWh [71]. This consistently reduces the H2 
production costs via thermal pyrolysis. However, the lower electricity 
price has a much stronger influence on the electrolysis process, which is 
significantly more energy-intensive compared to natural gas pyrolysis 
[2]. The production costs for electrolysis are only undercut and com
parable to steam reforming at a reactor temperature of 1400 ◦C and a 
carbon sales price of 1000 €/t.

The impact of electricity prices is even more significant if 100 % of 
the electricity originate from renewable sources (as shown in Fig. 2c), 
which could result in an average electricity price of 2.5 €ct/kWh in 
China [71]. At this price, electrolysis should be favored over steam 
reforming as it allows to produce H2 cost-effectively (with approx. 1.79 
€/kg H2 and appr. 1.96 €/kg H2 via steam reforming without CCS). 
However, thermal pyrolysis is still profitable at reactor temperatures of 
1400 ◦C and above and a carbon sales price of 1000 €/t, which results in 
H2 production costs below 1.50 €/kg. Also, in the scenario that relies on 
entirely renewable electricity, a hypothetical carbon price of 2000 €/t 
would enable net-negative H2 prices for reactor temperatures of 1200 ◦C 
and above.

For a 100 % local electricity mix (Fig. 3a), the highest CO2 emissions 
of over 20 kg CO2 equivalents per kg H2 occur if the pyrolysis reactor 
runs at 1000 ◦C. At this operating point, the CO2 emissions are even 
significantly higher than those of steam reforming, where approx. 9 kg 

Table 3 
Assumptions for the cost calculation with their respective value.

Parameter Assumption Reference

Amortization period 15 years Assumed
Equity share 20 % Assumed
Weighted average cost of capital 6 % [68]
Operating time per year 8000 h/year Assumed
Expenses for personnel 2 % of operational costs [2,60]
Expenses for maintenance 2.5 % of operational costs [2,60]
Expenses for insurance 4 % of operational costs [2,60]
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CO2 equivalents per kg H2 are released [48,49]. The CO2 emission values 
for the pyrolysis process ultimately decrease to 10 kg CO2 equivalents 
per kg H2 due to the substantially higher H2 yield at reactor tempera
tures as high as 1600 ◦C, which is slightly higher than the CO2 emissions 
during steam reforming without CCS. Under the assumption of a CO2 
separation of 90 % [49], the CO2 emissions of the reforming process can 
even be further decreased below 3 kg CO2 equivalents per kg H2 by 
means of CCS. Compared to water electrolysis, which causes emissions 
of up to almost 30 kg CO2 equivalents per kg H2 with a local electricity 
mix [74,90], natural gas pyrolysis is advantageous irrespective of the 
reactor temperature.

Furthermore, if a combination of 50 % renewable electricity sources 
and 50 % local electricity mix is considered as an energy source 
(Fig. 3b), this further decreases the CO2 emissions of natural gas py
rolysis and electrolysis, notably with a stronger impact for electrolysis 
due to the higher energy demand [90]. Consequently, at a pyrolysis 
reactor temperature of 1000 ◦C, the CO2 emissions from electrolysis are 
lower than those from natural gas pyrolysis, although at higher reactor 

temperatures thermal pyrolysis still has lower CO2 emissions than 
electrolysis with a minimum of approx. 5 kg CO2 equivalents per kg H2 if 
1600 ◦C are chosen for reactor operation. From a reactor temperature of 
1400 ◦C, the direct CO2 emissions of the pyrolysis process also undercut 
the emissions from steam reforming (without CCS), which are almost 
independent of the electricity mix because the energy supply in this 
process is commonly provided by autothermal combustion [91].

Although the CO2 equivalents emitted during natural gas extraction 
remain, the benefits of the pyrolysis process are particularly evident 
when using 100 % renewable energy sources for the electricity supply. 
From a reactor temperature of 1200 ◦C, the CO2 emissions from natural 
gas pyrolysis are already approx. four times lower compared to con
ventional steam reforming without CCS. At a reactor temperature of 
1600 ◦C, even the CO2 emissions of the steam reforming process with 
CCS can be undercut, resulting in a minimum of less than 2 kg CO2 
equivalents per kg H2. However, it must also be mentioned that using a 
100 % renewable electricity mix, H2 production via electrolysis no 
longer causes any direct CO2 emissions at all, which makes it the most 

Table 4 
Summary of local parameters assumed in this study. GER: Germany; SA: Saudi Arabia; TUR: Türkiye.

Location Natural gas costs 
(€ct/m3)

Biogas costs 
(€ct/m3)

Electricity costs 
(€ct/kWh)

Share of fossil fuels in 
power generation (− )

CO2 emissions of power 
generation (kg CO2e/kWh)

Renewable electricity 
costs (€ct/kWh)

Refs.

China 36.4 14.9 7.6 65.0 % 0.585 2.5 [70–74]
USA 14.9 22.2 7.6 60.4 % 0.364 2.4 [71,75–78]
GER 55.4 47.9 14.4 45.0 % 0.380 3.9 [71,79–81]
SA 4.3 − 4.4 99.8 % 0.700 3.3 [71,82,83]
TUR − 21.9 14.9 58.0 % 0.464 4.7 [71,83–85]

Fig. 2. H2 production costs via thermal natural gas pyrolysis in China as a function of pyrolysis reactor temperature with a variable carbon selling price and different 
electricity sources: 100% local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). 
Production costs for electrolysis and steam reforming (with and without carbon capture) are shown as reference.

Fig. 3. CO2 emissions via thermal natural gas pyrolysis in China as a function of pyrolysis reactor temperature with different electricity sources: 100% local 
electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). CO2 emissions for electrolysis and 
steam reforming (with and without carbon capture) are shown as reference.
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favorable option in principle. Nevertheless, natural gas pyrolysis may 
still offer economic advantages over electrolysis, as lower H2 production 
costs can potentially be realized at high carbon prices (Fig. 2c).

As a summary, thermal natural gas pyrolysis in China can be prof
itable from a reactor temperature of 1400 ◦C and higher and at a carbon 
selling price of 1000 €/t. Herein, both electrolysis as well as steam 
reforming (with and without CCS) can be undercut economically, even if 
CO2 taxation (which would increase the hydrogen production costs via 
steam reforming drastically [92]) is ignored. At the same reactor tem
peratures, the pyrolysis process can cause less emissions compared to 
steam reforming (even with CCS), but only if the electricity supply 
originates from renewable sources.

3.1.2. United States of America
Due to comparatively low natural gas and electricity prices as well as 

a large hydrogen target market [93] the United States can be considered 
as a particularly attractive location for hydrogen production via natural 
gas pyrolysis. Consequently, it is chosen as a second case that is analyzed 
in detail within this study. Fig. 4 illustrates H2 production costs for 
thermal natural gas pyrolysis in the United States as a function of the 
pyrolysis reactor temperature with variable sales prices for the produced 
carbon and for variable electricity sources. Natural gas prices, data for 
electricity sources and their respective costs as well as the corresponding 
CO2 emissions of the power generation are taken from relevant literature 
[71,77,78]. Furthermore, production costs using electrolysis [90] and 
steam reforming (with and without CCS) [49] are shown as a reference.

For a simple carbon storage (0 €/t) and a carbon sales price of 500 €/t 
the H2 production costs decrease with increasing reactor temperature 
due to a higher H2 yield, irrespective of the electricity mix. For a carbon 
price of 1000 €/t, a further heating of the reactor to temperatures of 
more than 1200 ◦C influences the H2 production costs only marginally 
and at 2000 €/t the optimum operation temperature is 1200 ◦C. At the 
latter carbon selling price, choosing higher temperatures has even a 
negative influence. Although H2 yields increase with temperature, it can 
be concluded that process operation at lower temperatures can be more 
beneficial if the carbon price is so high that a higher H2 yield can no 
longer justify a higher reactor temperature. This is in line with the re
sults for the H2 production costs at the other locations shown in this 
work.

Since with 14.9 €ct/m3 the price of natural gas in the USA is 
comparatively low, the thermal pyrolysis of natural gas with a 100 % 
local electricity mix (Fig. 4a) is economically competitive with water 
electrolysis for reactor temperatures of 1200 ◦C and above, even without 
any revenue from the carbon. If the carbon can be sold for 500 €/t or 
more, the process can even compete with steam reforming if a reactor 
temperature of 1600 ◦C at a carbon price of 500 €/t or 1200 ◦C at a 
carbon price of 1000 ◦C is chosen, respectively. A combination of 50 % 
local electricity mix and 50 % electricity from renewable sources 

(Fig. 4b) reduces the electricity price by 33 % from 7.6 €ct/kWh to 5.1 
€ct/kWh, which has a particularly positive effect on the H2 production 
costs via water electrolysis, which now fall to below 4 €/kg H2. However, 
even in this case, H2 production via thermal natural gas pyrolysis is 
cheaper, even without any carbon revenue, at reactor temperatures of 
1400 ◦C and above. Furthermore, H2 prices from steam reforming can be 
clearly undercut at a carbon sales price of 1000 €/t and from a reactor 
temperature of 1200 ◦C with H2 production costs below 1 €/kg H2. In 
this context, the U.S. Department of Energy’s “Energy Earthshots 
Initiative” from 2021 aims to reduce the production costs of clean 
hydrogen to 1 $/kg within one decade [94]. Accordingly, thermal nat
ural gas pyrolysis could produce hydrogen that fulfills these re
quirements, even with the current electricity mix.

If 100 % renewable electricity sources with a price of 2.6 €ct/kWh 
and a carbon sales price of 500 €/t are assumed, the H2 production costs 
via thermal pyrolysis can compete with those from steam reforming if a 
reactor temperature of 1400 ◦C is chosen (Fig. 4c). However, since with 
such a comparatively low electricity price H2 can be produced via 
electrolysis for approx. 1.86 €/kg, electrolysis is only slightly more 
expensive than steam reforming (1.30 €/kg H2 with CCS) and may be 
preferred due to the net-zero CO2 emissions. From an economic point of 
view, fairly high reactor temperatures as well as carbon sales prices of 
500 €/t (at 1600 ◦C) or 1000 €/t (for temperatures ≥ 1200 ◦C), 
respectively, make thermal pyrolysis the cheapest option.

In order to compare the processes also ecologically, Fig. 5 elucidates 
the resulting CO2 emissions for thermal natural gas pyrolysis in the 
United States as a function of reactor temperature with different elec
tricity sources. Data for electrolysis [78,90] and steam reforming (with 
and without CCS) [49] are given as reference.

The current electricity mix in the USA consists mainly of approxi
mately 60.4 % electricity from fossil sources, 21.3 % from renewable 
sources, and 18.3 % from nuclear power. This combination of sources is 
a comparatively CO2-intensive electricity mix, which causes approxi
mately 0.364 kg CO2e/kWh [77] and leads to significant CO2 emissions 
during H2 production via electrolysis and pyrolysis alike (Fig. 5a). Since 
water electrolysis requires 5–7 times more energy [90], pyrolytic pro
cesses have a clear advantage over electrochemical H2 production. 
Furthermore, natural gas pyrolysis can achieve a CO2 balance that is 
comparable to that of steam reforming (without CCS) at reactor tem
peratures of over 1400 ◦C, with values of around 6 kg CO2e/kg H2. The 
share of natural gas extraction in the total CO2 emissions per kg of H2 
produced decreases steadily with increasing temperature, irrespective of 
the electricity supply, because the yield of H2 increases as well [6,8].

If a less CO2-intensive electricity supply is assumed, namely a com
bination of 50 % current electricity mix and 50 % electricity from 
renewable energies (Fig. 5b), this consequently leads to a drastic 
reduction in CO2 emissions from electrolysis by approx. 50 % to approx. 
9 kg CO2e/kg H2 and thus to a similar CO2 balance compared to steam 

Fig. 4. H2 production costs via thermal natural gas pyrolysis in the United States as a function of pyrolysis reactor temperature with a variable carbon selling price 
and different electricity sources: 100% local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity 
sources (c). Production costs for electrolysis and steam reforming (with and without carbon capture) are shown as reference.
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reforming. Although naturally the CO2 emissions from natural gas 
extraction remain unchanged, the higher share of renewable energy 
decreases the total CO2 emissions caused by the pyrolysis process. CO2 
emissions from natural gas pyrolysis are lower than from steam 
reforming (without CCS) and water electrolysis already at a reactor 
temperature of 1200 ◦C and ultimately reach a minimum of 4 kg CO2e/ 
kg H2 at 1600 ◦C. Only the combination of steam reforming with CCS can 
undercut this with an CO2 balance of approx. 2 kg CO2e/kg H2.

Finally, if only CO2-neutral electricity from renewable sources is 
used (Fig. 5c), the CO2 emissions from pyrolysis result primarily from 
natural gas extraction, which leads to significantly lower CO2 emissions 
of around 1 kg CO2/kg H2 at a temperature of 1600 ◦C and thus even 
undercuts steam reforming with CCS. However, in this case the CO2 
balance of electrolysis, which can potentially produce completely CO2- 
neutral H2, is unbeaten. Analogous to the findings discussed in the 
previous chapter, an entirely economically driven process design would 
still favor the pyrolytic H2 production route over electrolysis, which 
would likely only change if a price is assigned to CO2 emissions, i.e. as a 
CO2 tax or certificate.

3.1.3. Germany
Fig. 6 reveals H2 production costs for thermal natural gas pyrolysis in 

Germany as a function of the pyrolysis reactor temperature with variable 
sales prices for the produced carbon and for variable electricity sources. 
Natural gas prices, data for electricity sources and their respective costs 
as well as the corresponding CO2 emissions of the power generation are 
taken from relevant literature [71,79,81]. Furthermore, production 
costs using electrolysis [90] and steam reforming (with and without 

CCS) [49] are shown as a reference.
Compared to the USA and China, both the natural gas price and the 

local electricity price are significantly higher in Germany. This generally 
leads to higher H2 production costs compared to the two countries dis
cussed above. In this context, steam reforming almost always remains 
the cheapest alternative. With a 100 % local electricity mix, electrolysis 
is not competitive since H2 prices exceed 10 €/kg. The H2 production 
costs via natural gas pyrolysis only approach those of steam reforming 
(approx. 2.50 €/kg H2 without CCS and approx. 3 €/kg H2 with CCS) at a 
reactor temperature of 1600 ◦C, which is associated with considerable 
technical challenges, and an assumed carbon sales price of over 1000 
€/t.

Decarbonizing the electricity supply reduces the price of electricity. 
This has a particularly positive impact on electrolysis, which can pro
duce H2 for around 7 €/kg if 50 % of the local electricity mix are 
replaced by CO2-neutral electricity (Fig. 6b) and even reaches almost the 
price of steam reforming (with CCS) in the case of 100 % CO2-neutral 
electricity (Fig. 6c). However, natural gas pyrolysis profits to a lesser 
extent from lower electricity prices because it is strongly governed by 
the high natural gas price in Germany. Irrespective of the electricity 
source, the pyrolysis process under the parameters subject to this study 
becomes competitive only at a reactor temperature of 1600 ◦C or if 
carbon revenues are high.

Fig. 7 illustrates the CO2 emissions caused by for thermal natural gas 
pyrolysis in Germany as a function of reactor temperature with different 
electricity sources. Herein, data for CO2 intensity of the electricity 
sources is taken from literature [81]. Also, data for electrolysis [90] and 
steam reforming (with and without CCS) [49] is shown as a reference.

Fig. 5. CO2 emissions via thermal natural gas pyrolysis in the United States as a function of pyrolysis reactor temperature with different electricity sources: 100% 
local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). CO2 emissions for elec
trolysis and steam reforming (with and without carbon capture) are shown as reference.

Fig. 6. H2 production costs via thermal natural gas pyrolysis in Germany as a function of pyrolysis reactor temperature with a variable carbon selling price and 
different electricity sources: 100% local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity 
sources (c). Production costs for electrolysis and steam reforming (with and without carbon capture) are shown as reference.
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Even if already today almost 55 % of the electricity in Germany 
comes from renewable energies, the supply is still associated with sig
nificant CO2 emissions of appr. 0.380 kg CO2e/kWh due to a consider
able proportion of approx. 27 % of coal-fired power plants [81]. The CO2 
balance of the electricity supply in Germany is therefore similar to that 
of the USA and thus the trends depicted in Fig. 7 strongly resemble the 
US-data presented in Fig. 5. With the current 100 % local electricity mix 
(Fig. 7a), the CO2 emissions of both electrolysis and natural gas pyrolysis 
are higher than those of steam reforming (without CCS) and thermal 
pyrolysis can undercut steam reforming only at a reactor temperature of 
1600 ◦C. With a combination of 50 % local electricity mix and 50 % 
electricity from renewable sources (Fig. 7b) the CO2 emissions of elec
trolysis (approx. 9.50 kg CO2e/kg H2) come closer to those of steam 
reforming (without CCS) of approx. 8.50 kg CO2e/kg H2. The CO2 
emissions of natural gas pyrolysis even undercut these values if reactor 
temperatures of 1200 ◦C and above are chosen, and reach a minimum of 
4 kg CO2e/kg H2 at a reactor temperature of 1600 ◦C. In addition, with 
an electricity supply from 100 % renewable sources (Fig. 7c), electrol
ysis can naturally be operated completely CO2-neutral, whereas natural 
gas pyrolysis competes with steam reforming with CCS, or even un
dercuts it at 1600 ◦C. In general, pyrolysis is therefore particularly 
suitable as a key H2 production technology during the decarbonization 
of the electricity supply. In Germany, it must compete economically and 
ecologically with electrolysis due to the comparatively high price of 
natural gas in the case of a completely CO2-free electricity supply, 
making the market conditions a particularly challenging economic 
framework.

3.1.4. Saudi Arabia
As the competitiveness of natural gas pyrolysis depends on both the 

price of natural gas and the price of electricity, countries that have their 
own natural gas production as well as great potential for power gener
ation from renewable energy sources seem to be particularly suitable 
locations for establishing large-scale pyrolysis processes. In this respect, 
Saudi Arabia stands out due to its relatively low costs for energy and 
natural gas as well as its established chemical industry. Fig. 8 summa
rizes the H2 production costs for thermal natural gas pyrolysis in Saudi 
Arabia as a function of the pyrolysis reactor temperature assuming 
different sales prices for the produced carbon and under consideration of 
variable electricity sources. Natural gas prices, data for electricity 
sources and their respective costs as well as the corresponding CO2 
emissions of the power generation are taken from relevant literature 
[71,82,83]. Furthermore, production costs using electrolysis [90] and 
steam reforming (with and without CCS) [49] are shown as a reference.

In Saudi Arabia, electricity is mainly generated in gas and oil power 
plants (with a share of 61 % and 39 % respectively), which is associated 
with emissions of approx. 0.7 kg CO2e/kWh [95]. Among the countries 
considered for the present study, this is the electricity mix with the 
highest CO2 emissions. Since the average cost of electricity is already as 
low as 4.4 €ct/kWh [82,83], a transformation of the electricity supply 
has a lower impact on the electricity price compared to the other 
countries considered herein and reduces the electricity price by only 25 
% to 3.3 €ct/kWh if only renewable energy sources are used [71]. As 
cheap energy meets a comparatively low natural gas price of around 4.3 
€ct/m3, natural gas pyrolysis for H2 production is economically favored 
over electrolysis for all energy mixes as long as the reactor temperature 
is 1200 ◦C or higher, even without consideration of any revenue from the 

Fig. 7. CO2 emissions via thermal natural gas pyrolysis in Germany as a function of pyrolysis reactor temperature with different electricity sources: 100% local 
electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). CO2 emissions for electrolysis and 
steam reforming (with and without carbon capture) are shown as reference.

Fig. 8. H2 production costs via thermal natural gas pyrolysis in Saudi Arabia as a function of pyrolysis reactor temperature with a variable carbon selling price and 
different electricity sources: 100% local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity 
sources (c). Production costs for electrolysis and steam reforming (with and without carbon capture) are shown as reference.
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carbon.
With H2 production costs of less than 2 €/kg H2, pyrolysis reactor 

operation at 1600 ◦C using the local energy mix (Fig. 8a) is directly 
competitive with steam reforming (without carbon revenue) or even 
undercuts it if a carbon selling price of at least 500 €/t is assumed. Water 
electrolysis, on the other hand, results in H2 production costs of around 4 
€/kg H2 due to the higher energy requirement. While this value is more 
than twice as high as the production costs via pyrolysis, it is still 
significantly lower than the H2 production costs via electrolysis using the 
local energy mix in any other country considered herein. This un
derscores the suitability of Saudi Arabia as a potential location for H2 
production, both via electrolysis and natural gas pyrolysis, already 
nowadays. Remarkably, negative H2 production costs can occur for all 
electricity mixes subject to this study if the carbon selling price is 
assumed to be at least 1000 €/t (green curves in Fig. 7a-c). The process 
simulations predict local minima in H2 production costs for a reactor 
temperature of 1200 ◦C and a carbon price of 1000 €/t and 2000 €/t, and 
a hypothetical global minimum of − 6.80 €/kg H2 for reactor operation 
at 1200 ◦C and a carbon price of 2000 €/t with renewable energy 
(Fig. 8c).

As electricity generation in Saudi Arabia is currently coupled to high 
emissions, CO2 balances for all processes need to be considered. 
Therefore, Fig. 9 shows the CO2 emissions resulting from thermal nat
ural gas pyrolysis in Saudi Arabia as a function of reactor temperature 
with different electricity sources. Data for electrolysis [90] and steam 
reforming (with and without CCS) [49] are shown as a reference.

Due to the comparatively CO2-intensive electricity supply, energy- 
intensive electrolysis, unless electricity from 100 % renewable sources 

is used, consistently causes more CO2 emissions compared to steam 
reforming and pyrolysis, with up to 35 kg CO2e/kg H2 (for a 100 % local 
electricity mix, Fig. 9a). Natural gas pyrolysis, on the other hand, is more 
CO2 intensive than steam reforming with the current electricity mix. 
This means that both alternative H2 production routes would currently 
cause more emissions compared to the conventional route (Fig. 9a). 
Natural gas pyrolysis can only come close to steam reforming from an 
ecological perspective if a power supply from 50 % of the current 
electricity mix and 50 % renewable sources is chosen along with reactor 
temperatures of 1200 ◦C and above (Fig. 9b). With less than 2.5 kg 
CO2e/kg H2 steam reforming with CCS is the least CO2-intensive route 
with this electricity mix. In the scenario with 100 % renewable sources, 
pyrolysis can undercut steam reforming with CCS in terms of CO2 
emissions for reactor temperatures of 1400 ◦C and above (Fig. 9c).

In summary, hydrogen can already be produced comparatively cheap 
in Saudi Arabia, regardless of the production method. However, if the 
global climate targets are taken into account that aim at avoiding CO2 
emissions as much as possible, a drastic decarbonization of the power 
supply is required. Otherwise, state-of-the-art steam reforming with 
almost 9 CO2e/kg H2 will remain more climate-friendly than electrolysis 
and pyrolysis. In contrast to electrolysis, natural gas pyrolysis can 
outperform steam reforming not only ecologically but also economically 
if the carbon produced can be sold for more than 500 €/t.

3.1.5. Summary
In order to compare the case studies discussed in detail above, 

Table 5 summarizes the H2 production costs via natural gas pyrolysis, 
electrolysis (each with a 100 % local electricity mix and electricity from 

Fig. 9. CO2 emissions via thermal natural gas pyrolysis in Saudi Arabia as a function of pyrolysis reactor temperature with different electricity sources: 100% local 
electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). CO2 emissions for electrolysis and 
steam reforming (with and without carbon capture) are shown as reference.

Table 5 
Costs for hydrogen production via natural gas pyrolysis with a 100% local electricity mix and a theoretical 100% electricity supply from renewable sources at a carbon 
selling price of 500 €/t and 1000 €/t. The corresponding reactor temperature is given in brackets. Data for hydrogen production costs via electrolysis and steam 
reforming (without (w/o) and with (w/) CCS) is shown as reference. GER: Germany; SA: Saudi Arabia.

Minimum H2 production costs (€/kg H2)

Country Pyrolysis Electrolysis Steam reforming

w/o CCS w/ CCS

Local e-mix Renewable electricity Local e-mix Renewable electricity Independent from e-mix

H2 production costs (€/kg H2) at a carbon selling price of 500 €/t carbon
China 3.00 (1600 ◦C) 2.17 (1600 ◦C) 5.43 1.79 1.96 2.37
USA 1.63 (1600 ◦C) 0.82 (1600 ◦C) 5.41 1.86 0.97 1.30
GER 5.31 (1600 ◦C) 3.61 (1600 ◦C) 10.29 3.79 2.84 3.32
SA 0.35 (1400 ◦C) 0.48 (1200 ◦C) 4.02 3.06 0.48 0.77
H2 production costs (€/kg H2) at a carbon selling price of 1000 €/t carbon
China 1.91 (1600 ◦C) 1.49 (1400 ◦C) 5.43 1.79 1.96 2.37
USA 0.78 (1200 ◦C) − 0.27 (1200 ◦C) 5.41 1.86 0.97 1.30
GER 4.22 (1600 ◦C) 2.52 (1600 ◦C) 10.29 3.79 2.84 3.32
SA − 1.72 (1200 ◦C) − 1.95 (1200 ◦C) 4.02 3.06 0.48 0.77
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100 % renewable sources), and steam reforming (with and without CCS) 
for each country. The production costs are given under the assumption 
of carbon sales prices of 500 €/t and 1000 €/t. These prices were selected 
on the basis of previous publications, which investigated the feasibility 
of a carbonaceous fixed bed during pyrolysis and which provide first 
implications on the quality of the accruing carbon [6,25]. In particular, 
acetylene coke was used, which could potentially be marketed as a form 
of carbon black for the above-mentioned prices. Regarding the pro
duction costs via thermal pyrolysis, the corresponding reactor temper
ature is given as well. This reactor temperature corresponds either to the 
lowest temperature at which the pyrolysis process undercuts other 
technologies in terms of price levels, or, if natural gas pyrolysis cannot 
compete with the conventional methods, the reactor temperature cor
responds to the lowest production costs that could be achieved at with 
the respective electricity mix. Note, that as already discussed in previous 
chapters, it was assumed that the H2 production costs via steam 
reforming are independent of the electricity mix, as the reactor 
commonly is heated by autothermal combustion [91].

In this comparison, Saudi Arabia stands out with the by far lowest H2 
prices derived from the cases considered in the present study: With the 
current local electricity mix and with a comparatively low carbon selling 
price of 500 €/t, production costs of H2 as low as 0.35 €/kg H2 can be 
achieved by means of pyrolysis at a reactor temperature of 1400 ◦C. 
Among the processes discussed herein, these low costs make pyrolysis 
the cheapest H2 production route. Moreover, if a carbon selling price of 
1000 €/t is assumed, the thermal pyrolysis process undercuts the costs of 
all other processes already at a reactor temperature of 1200 ◦C. With the 
current electricity mix in Saudi Arabia, negative H2 production costs as 
low as − 1.72 €/kg would be achieved. Even with 100 % carbon–neutral 
electricity generation, thermal pyrolysis is economically most viable 
already at a reactor temperature of 1200 ◦C, resulting in H2 production 
costs of 0.48 €/kg H2 (500 €/t carbon) and − 1.95 €/kg H2 (1000 €/t 
carbon), respectively. Only steam reforming without CCS allows to 
produce H2 with similar costs, whereas the price for H2 from electrolysis 
always exceeds 3 €/kg H2, irrespective of the energy mix.

The second lowest prices for H2 from pyrolysis can be achieved in the 
USA, where at a carbon selling price of 500 €/t production costs of 0.82 
€/kg H2 are possible with renewable electricity and at a reactor tem
perature of 1600 ◦C, which is significantly lower than the prices for H2 
from electrolysis (1.86 €/kg) or steam reforming with CCS (1.30 €/kg). If 
a carbon selling price of 1000 €/t is assumed, a reactor temperature of 
1200 ◦C with renewable electricity (leading to theoretically negative H2 
production costs of − 0.27 €/kg H2) is already sufficient to outperform 
the alternative technologies economically.

Notably, given the high technology readiness level of pyrolysis pro
cesses – for instance, reference is given to BASF’s successful operation of 
a natural gas pyrolysis pilot plant whose setup was completed by the end 
of 2020 in Ludwigshafen, Germany [96] – prospects are excellent that 
natural gas pyrolysis will meet the American Hydrogen Shot target 
defined by the US Department of Energy in 2021, namely producing 1 kg 
of hydrogen for less than 1 $ within one decade [94]. In conclusion, both 

the USA and Saudi Arabia are potentially profitable locations for 
establishing a pyrolysis process.

In China, at a carbon selling price of 500 €/t the minimum costs of H2 
obtained from natural gas pyrolysis with renewable electricity (2.17 
€/kg H2 achieved at a reactor temperature of 1600 ◦C) are slightly lower 
than the costs of steam reforming with CCS (2.37 €/kg H2). However, 
both processes can be undercut by electrolysis (1.79 €/kg H2) if the 
electricity comes from renewable sources. In contrast, the pyrolysis 
process becomes economically slightly more attractive than electrolysis 
and steam reforming if a carbon selling price of 1000 €/t is assumed. 
Since the price difference compared to electrolysis is only marginal, the 
latter process would be probably be preferred due to its net-zero CO2 
emissions.

In Germany, assuming a carbon selling price of 500 €/t, pyrolysis is 
always more expensive than steam reforming, both with and without 
CCS. Furthermore, the production costs of hydrogen by electrolysis 
(3.79 €/kg H2) with electricity from renewable sources are only slightly 
higher than the costs of natural gas pyrolysis (3.61 €/kg H2). Assuming a 
carbon selling price of 1000 €/t, pyrolysis becomes theoretically the 
economically most feasible process with 2.52 €/kg H2, however a 
challenging reactor temperature of 1600 ◦C is needed to achieve these 
production costs. In general, Germany has by far the highest H2 pro
duction costs of all countries considered within this work. Hence, a 
potential import of H2 may be cheaper.

Although in countries such as China or Germany electrolysis seems 
more viable than other technologies if only economic aspects are taken 
into account, the CO2 balance is better only if the power supply is 
completely emission-free. In comparison, natural gas pyrolysis can emit 
significantly less CO2 even with more emission-intensive power supplies 
due to its lower energy consumption. To analyze this in more detail, 
Table 6 provides an overview on the CO2 emissions caused by the overall 
processes, i.e., natural gas pyrolysis, electrolysis (each with a 100 % 
local electricity mix and electricity from 100 % renewable sources), as 
well as steam reforming (with and without CCS), for each country. 
Regarding the emissions via thermal pyrolysis, the corresponding 
reactor temperature is always given in addition. As discussed above, the 
lowest emissions can always be achieved if a reactor temperature of 
1600 ◦C is chosen, which is therefore assumed for the case of a local 
electricity supply. For the case of using renewable electricity, the lowest 
reactor temperature that enables natural gas pyrolysis to undercut H2 
prices from steam reforming with CCS is assumed, namely 1400 ◦C. 
Furthermore, it was assumed that the emissions from steam reforming 
are independent of the electricity mix, as the reactor is commonly heated 
by autothermal combustion [91].

With the current local electricity supply, natural gas pyrolysis causes 
significantly lower emissions compared to electrolysis in all countries 
considered in this study. In particular, electrolysis causes approx. three 
times more CO2 equivalents per kg of H2 produced compared to thermal 
pyrolysis. Notably, only an entirely renewable electricity supply will 
ensure an emission-free production of H2 by means of electrolysis. With 
the current electricity mix, steam reforming with CCS is the ecologically 

Table 6 
Emissions for hydrogen production via natural gas pyrolysis with a 100% local electricity mix and a theoretical 100% electricity supply from renewable sources. The 
corresponding reactor temperature is given in brackets. Data for emissions via electrolysis and steam reforming (without (w/o) and with (w/) CCS) is shown as 
reference. GER: Germany; SA: Saudi Arabia.

Emissions (kg CO2e/kg H2)

Country Pyrolysis Electrolysis Steam reforming

w/o CCS w/ CCS

Local e-mix Renewable electricity Local e-mix Renewable electricity Independent from e-mix

China 10.01 (1600 ◦C) 2.07 (1400 ◦C) 29.25 0 8.47 2.10

USA 6.72 (1600 ◦C) 2.07 (1400 ◦C) 18.20 0 8.47 2.10
GER 6.90 (1600 ◦C) 2.07 (1400 ◦C) 18.90 0 8.47 2.10
SA 11.82 (1600 ◦C) 2.07 (1400 ◦C) 35.40 0 8.47 2.10
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most favorable option for H2 production, especially in countries with 
emission-intensive power supplies such as China or Saudi Arabia. In 
these two countries, pyrolysis causes more emissions than steam 
reforming without CCS. However, in countries with a comparably low- 
emission power supply, such as the USA and Germany, natural gas py
rolysis is already ecologically favorable compared to steam reforming 
without CCS with the current local electricity mix. The advantage be
comes even more pronounced if the electricity is supplied from renew
able sources; in this case, natural gas pyrolysis (with 2.07 kg CO2e/kg 
H2) can undercut the emissions from steam reforming with CCS (2.10 kg 
CO2e/kg H2) already at a reactor temperature of 1400 ◦C. Note, that if 
the reactor temperature is further increased to 1600 ◦C the lowest limit 
for natural gas pyrolysis is achieved with 1.28 CO2e/kg H2, further 
increasing the difference to steam reforming. As a conclusion, from an 
ecological point of view, thermal natural gas pyrolysis offers itself as a 
bridging technology between current steam reforming and future elec
trolysis, which becomes ecologically feasible once the power supply is 
sufficiently decarbonized. However, even if an entirely emission-free 
power supply is realized, economic considerations may still benefit 
natural gas pyrolysis because it can be significantly cheaper compared to 
electrolysis, especially in regions with low costs for natural gas or 
electricity.

3.2. Biogas to syngas

3.2.1. China
China has a considerable potential for biogas production, with 

agricultural residues and organic wastes forming the main biomass 
sources [73,97]. Utilization of the biogas is still discussed, whereby 
energy generation is currently the main objective of the biogas industry 
[73]. However, biogas-to-chemicals processes would be much more 
elegant as they can directly convert CO2 into value-added chemicals 
instead of releasing it again during combustion processes, e.g., in com
bined heat and power plants. In this context, Fig. 10 elucidates syngas 
production costs for thermal biogas pyrolysis in China as a function of 
the pyrolysis reactor temperature with variable sales prices for the 
produced carbon and for variable electricity sources. Local biogas prices, 
data on electricity sources and their respective costs as well as the cor
responding CO2 emissions of the power generation are taken from 
relevant literature [70–74]. In addition, corresponding production costs 
using steam reforming [49] as well as coal gasification, which represents 
the main syngas production route in China [98], are shown as reference 
(assuming a constant coal price of 92.26 € [92] for all countries 
considered in this study). Note, that for the sake of clarity only the re
sults considering CCS are shown throughout this section. The results for 
conventional syngas production routes without CCS can be found in the 
ESI.

Due to a large agricultural industry and favorable energy prices, 
biogas production in China is relatively cheap [73]. Nevertheless, 
several requirements must be met in order to ensure the profitability of 
the biogas-to-syngas process. From a technical point of view, a reactor 
temperature of 1500 ◦C is required, as this enables not only an almost 
full conversion for both CH4 and CO2 [6], but also results in a H2:CO 
ratio of 2:1 and generally represents the operational point with the most 
favorable syngas production costs. However, the production costs also 
strongly depend on the electricity price. For instance, with the current 
local electricity mix (Fig. 10a), carbon selling prices of at least 1000 €/t 
are required to ensure economic competitiveness with conventional 
syngas production methods coupled with CCS, which can produce syn
gas for 0.68 €/kg (steam reforming) or 0.70 €/kg (coal gasification), 
respectively [92]. With a combination of 50 % local electricity mix and 
50 % electricity from renewable sources (Fig. 10b), costs for syngas 
production via thermal pyrolysis of less than 0.80 €/kg can be achieved 
at a carbon sales price of 500 €/t and at reactor temperatures of 1500 ◦C 
and higher. Only when electricity is provided from 100 % renewable 
sources (Fig. 10c), which corresponds to an electricity price of 2.5 €ct/ 
kWh, thermal pyrolysis ends up roughly at the same price level as steam 
reforming and gasification, both coupled with CCS, at a carbon selling 
price of 500 €/t. Without commercialization of the carbon (corre
sponding to 0 €/t carbon), the process remains more expensive than 
conventional syngas production methods. However, this could change in 
the case of CO2 taxation, which is not considered in this work but that 
has the potential to increase the price for syngas obtained from coal 
gasification by a factor of two [92].

Avoiding CO2 emissions is therefore the essential advantage of 
biogas pyrolysis, as for instance a potential carbon sink can be realized 
through the conversion of CO2 [6]. The overall CO2 balance, however, 
depends strongly on external and process parameters. Therefore, Fig. 11
shows the resulting CO2 sources and sinks due to electricity supply, H2 
dilution (assumed to be supplied via SMR with CCS, in order to ensure a 
H2:CO ratio of 2:1 in the product gas), CO2 fixation by biomass as well as 
the total CO2 balance for thermal biogas pyrolysis in China as a function 
of the reactor temperature and for different electricity sources. Data for 
syngas production via steam reforming and coal gasification (both with 
CCS) is shown as reference [92].

Assuming the local, comparatively emission-intensive electricity 
supply with 0.585 kg CO2e/kWh [74], the hypothetical biogas plant still 
produces approx. 0.4 to 0.6 kg of CO2 equivalents per kg of syngas 
produced with the current Chinese electricity mix (Fig. 11a). The CO2 
sink due to the carbon fixation in the biomass cannot compensate these 
emissions. If CCS is used, however, the CO2 emissions from steam 
reforming and coal gasification are approx. 0.2 kg CO2e/kg syngas lower 
than those from biogas pyrolysis. Only when the electricity supply is at 
least partly decarbonized, the overall CO2 balance for biogas pyrolysis 

Fig. 10. Syngas production costs via thermal biogas pyrolysis in China as a function of pyrolysis reactor temperature with a variable carbon selling price and 
different electricity sources: 100% local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity 
sources (c). Average production costs for syngas via steam reforming and coal gasification (both with CCS) are shown as reference.
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becomes negative, hereby enabling the process to serve as a CO2 sink. In 
particular, for every kg of syngas produced, up to 0.4 kg of CO2 (with 50 
% renewable electricity sources and 50 % local electricity mix, Fig. 11b) 
or over 1 kg of CO2 (with 100 % renewable electricity sources, Fig. 11c) 
can be removed from the environment. The huge potential to capture 
atmosphere-borne carbon makes the biogas pyrolysis process much 
more environmentally attractive than conventional processes, even if 
those are supplemented with CCS.

3.2.2. United States of America
Fig. 12 elucidates syngas production costs for thermal biogas py

rolysis in the United States as a function of the pyrolysis reactor tem
perature with variable sales prices for the produced carbon and for 
variable electricity sources. Local biogas prices, data on electricity 
sources and their respective costs as well as the corresponding CO2 
emissions of the power generation are taken from relevant literature 
[71,75–78]. Furthermore, corresponding production costs using steam 
reforming and coal gasification (both with CCS) for syngas production 
are shown as reference [49,92].

Due to low electricity costs and a large availability of biomass, which 
can be cheaply converted into biogas [75], syngas can be produced in a 
comparatively cost-effective way. The lowest production costs can be 
achieved at a reactor temperature of 1500 ◦C, regardless of the elec
tricity price or carbon revenue. With a 100 % local electricity compo
sition (Fig. 12a), the carbon produced during thermal pyrolysis must be 
sold for at least 1000 €/t in order to enable syngas production costs of 
less than 0.80 €/kg syngas. However, these costs are still higher 

compared to syngas production via gasification with CCS (0.70 €/kg 
syngas) and significantly higher than steam reforming with CCS (0.58 
€/kg syngas). With the current electricity mix, the pyrolysis of biogas 
can hardly compete with conventional methods. Only an increasing 
share of renewable energies in the electricity supply, and therefore 
cheaper electricity in the United States, production costs of less than 
0.70 €/kg syngas with a 50 % local electricity mix and 50 % electricity 
from renewable energies (Fig. 12b) or less than 0.60 €/kg syngas with 
100 % electricity from renewable sources (Fig. 12c) can be achieved. 
Herein, carbon revenues of 1000 €/t are assumed. If the carbon is sold 
for only 500 €/t, conventional methods coupled with CCS cannot be 
beaten economically without any CO2 taxation. Only with a theoretical 
carbon revenue of 2000 €/t, hypothetical syngas production prices of 
approx. 0.20 €/kg (with power from renewable sources only) may be 
possible, which would be far lower than production costs via conven
tional routes even without CCS.

In contrast, biogas pyrolysis is highly attractive with regard to 
ecologic aspects. Fig. 13 shows the resulting CO2 sources and sinks due 
to electricity supply, H2 dilution, CO2 fixation by biomass as well as the 
total CO2 balance for thermal biogas pyrolysis in the United States as a 
function of the reactor temperature and under consideration of different 
electricity sources. Data for syngas production via steam reforming and 
coal gasification (both with CCS) are shown as reference [92].

Compared to China (Fig. 11), the current local electricity production 
in the USA causes significantly lower greenhouse gas emissions, namely 
0.364 kg CO2e/kWh [78]. Therefore, the production of syngas via biogas 
pyrolysis represents a CO2 sink already with the current electricity 

Fig. 11. CO2 emissions via thermal biogas pyrolysis in China as a function of pyrolysis reactor temperature with different electricity sources: 100% local electricity 
mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). Average CO2 emissions for syngas pro
duction via steam reforming and coal gasification (both with CCS) are shown as reference.

Fig. 12. Syngas production costs via thermal biogas pyrolysis in the United States as a function of pyrolysis reactor temperature with a variable carbon selling price 
and different electricity sources: 100% local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity 
sources (c). Average production costs for syngas via steam reforming and coal gasification (both with CCS) are shown as reference.
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supply. In terms of CO2 emissions, the process is always more environ
mentally friendly than conventional routes for all electricity composi
tions considered herein. While only around 0.1 to 0.2 kg CO2/kg syngas 
can be removed from the environment with the current electricity mix 
(Fig. 13a), over 1 kg CO2/kg syngas can be fixed with a completely 
emission-neutral electricity supply (Fig. 13c).

In summary, carbon capture using biogas pyrolysis can be realized in 
the USA already nowadays, but it is not yet economically viable. Only a 
CO2-neutral and cheaper power supply or a high-quality utilization of 

the carbon can ensure a process that is both economically and ecologi
cally feasible. Beyond these aspects, the different dimensions in pro
duction capacity between biogas utilization and conventional syngas 
production processes must be taken into account as well. These are 
discussed in the last section.

3.2.3. Germany
Fig. 14 reveals syngas production costs for thermal biogas pyrolysis 

in Germany as a function of the pyrolysis reactor temperature with 

Fig. 13. CO2 emissions via thermal biogas pyrolysis in the United States as a function of pyrolysis reactor temperature with different electricity sources: 100% local 
electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). Average CO2 emissions for syngas 
production via steam reforming and coal gasification (both with CCS) are shown as reference.

Fig. 14. Syngas production costs via thermal biogas pyrolysis in Germany as a function of pyrolysis reactor temperature with a variable carbon selling price and 
different electricity sources: 100% local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity 
sources (c). Average production costs for syngas via steam reforming and coal gasification (both with CCS) are shown as reference.

Fig. 15. CO2 emissions via thermal biogas pyrolysis in Germany as a function of pyrolysis reactor temperature with different electricity sources: 100% local 
electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). Average CO2 emissions for syngas 
production via steam reforming and coal gasification (both with CCS) are shown as reference.
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variable sales prices for the produced carbon and for variable electricity 
sources. Local biogas prices, data for electricity sources and their 
respective costs as well as the corresponding CO2 emissions of the power 
generation are taken from relevant literature [71,79–81]. In addition, 
corresponding production costs using steam reforming and coal gasifi
cation (both with CCS) for syngas production are shown as reference 
[49,92].

Even though Germany has considerable biomass potential [80], the 
current prices and costs for energy make it difficult to operate a potential 
biogas-to-syngas plant profitably. For instance, the syngas production 
costs for all electricity compositions considered herein are significantly 
higher than the costs via conventional production routes. Thermal py
rolysis can undercut syngas production costs from coal gasification and 
steam reforming (both with CCS) only if a carbon revenue of 2000 €/t 
and a power supply from 100 % renewable sources is assumed (Fig. 14c). 
For all other revenues, the syngas production costs via biogas pyrolysis 
are always between 1 and 2 €/kg syngas, which would still be more cost- 
intensive than conventional production routes, notably under some 
conditions even if a CO2 taxation is added as ‘penalty’ to the conven
tional technologies and increases their production costs twofold [92].

Fig. 15 shows the CO2 emissions and sinks caused by electricity 
supply, H2 dilution, CO2 fixation by biomass as well as the total CO2 
balance for thermal biogas pyrolysis in Germany as a function of the 
reactor temperature and with different electricity sources. Data for 
syngas production via steam reforming and coal gasification are shown 
as reference [92].

Since approx. 55 % of the current electricity supply in Germany 
already comes from renewable sources [81], biogas pyrolysis – similar to 
the situation in the USA – could immediately serve as a CO2 sink with the 
current electricity supply (Fig. 15a): An overall negative CO2 balance of 
− 0.1 to − 0.2 kg CO2/kg syngas could be achieved. Compared to con
ventional syngas production routes (with CCS), the process is therefore 
lower in emissions and allows carbon to be effectively fixed. A further 
decarbonization of the power supply chain enables even better CO2 
balances. For instance, with an entirely emission-neutral power supply 
(Fig. 15c), over 1 kg CO2/kg syngas can be fixed. Despite these excellent 
ecological prospective and despite the high national biomass potential, 
the production of syngas via biogas pyrolysis is currently not profitable 
in Germany. In this respect, the very high costs for energy [79], which 
also contribute to relatively high biogas production costs via fermenta
tion, are the main obstacle. However, if the electricity price could be 
reduced to a considerable extent, i.e. by a further decarbonization of the 
electricity supply, the pyrolysis of biogas may be considered as a com
plementary technology for indirect carbon capture (fixing atmosphere- 
borne CO2 in the form of solid carbon) with simultaneous syngas pro
duction. For the economically competitive large-scale production of 
syngas, supplementing conventional production technologies with CCS 

seem more feasible – at least, as long as CO2 taxation is not taken into 
account.

3.2.4. Türkiye
With total collectible manure of more than 176 million tons, agri

cultural waste of more than 17 million tons, and a biogas potential of 
over 17 billion m3 per year [85], Türkiye offers a large bio-based feed
stock and therefore could be a particularly attractive location for biogas 
pyrolysis. Consequently, Fig. 16 illustrates syngas production costs for 
thermal biogas pyrolysis in Türkiye as a function of the pyrolysis reactor 
temperature with variable sales prices for the produced carbon and for 
variable electricity sources. Local biogas prices, data for electricity 
sources and their respective costs as well as the corresponding CO2 
emissions of the power generation are taken from relevant literature 
[71,83–85]. Moreover, syngas production costs using steam reforming 
and coal gasification (both with CCS) are shown as reference [49,92].

Due to the comparatively low biogas prices, a profitable biogas-to- 
syngas process could be established in Türkiye in principle. However, 
the to date relatively high electricity costs impede this: With the current 
electricity mix, only non-competitive syngas production costs between 1 
€/kg (at 1000 €/t carbon) and 1.5 €/kg (at 0 €/t carbon) can be achieved 
by means of biogas pyrolysis (Fig. 16a). Since Türkiye is one of the 
countries with the highest potential for renewable energies in Europe 
and the Mediterranean region [99], a transformation of the electricity 
supply towards emission neutrality is predicted to allow for significantly 
lower electricity costs of less than 5 €ct/kWh [71]. Combined with the 
comparatively low costs for biogas production, syngas prices of less than 
0.7 €/kg (for a carbon revenue of at least 1000 €/t) would be possible if 
the electricity is exclusively provided by renewable sources (Fig. 16c). 
While this would undercut the costs of conventional coal gasification 
with CCS, SMR with CCS would still remain the cheapest option; only if a 
carbon selling price of 2000 €/t is assumed, biogas pyrolysis becomes 
the most attractive option from an economic point of view.

Fig. 17 shows the CO2 emissions and sinks related to electricity 
supply, H2 dilution, CO2 fixation by biomass as well as the total CO2 
balance for thermal biogas pyrolysis in Türkiye as a function of the 
reactor temperature and with different electricity sources. Data on 
syngas production via steam reforming and coal gasification are shown 
as reference [92].

With the current Turkish electricity mix (Fig. 17a), the production of 
syngas via pyrolysis of biogas exhibits net CO2 emissions. These are 
almost completely caused by the electricity supply, which relies by 
almost 58 % on fossil sources, causing approx. 0.464 CO2e/kWh [84]. 
Nevertheless, under all reactor operation temperatures considered 
herein, the overall carbon footprint is always advantageous compared to 
conventional production routes coupled with CCS that cause 0.2 to 0.24 
kg CO2/kg syngas. Assuming that the decarbonization of the electricity 

Fig. 16. Syngas production costs via thermal biogas pyrolysis in Türkiye as a function of pyrolysis reactor temperature with a variable carbon selling price and 
different electricity sources: 100% local electricity mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity 
sources (c). Average production costs for syngas via steam reforming and coal gasification (both with CCS) are shown as reference.
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supply continues in the next years, biogas pyrolysis could be established 
as a bridge technology already today. Once a 100 % emission-free 
electricity supply is possible (Fig. 17c), a total of over 1 kg of CO2 can 
be converted into solid carbon per kg of syngas produced. In summary, 
Türkiye is an in principle highly suitable location with a large potential 
for supply of sustainable biogas and power from renewable sources. In 
order to ensure competitiveness with coal gasification, the power supply 
must be decarbonized quickly to ensure feasible electricity costs and an 

overall negative CO2 balance. Despite the slightly lower costs of syngas 
production by means of SMR with CCS, ecological considerations or CO2 
taxation may promote the attractiveness of biogas pyrolysis in the 
future.

3.2.5. Summary
Table 7 shows the syngas production costs via biogas pyrolysis under 

the assumption of the respective current local electricity mix and 
entirely renewable electricity sources, as well as via steam reforming and 
coal gasification (both with CCS) for each country considered herein. A 
carbon selling price of 500 €/t and 1000 €/t is compared, as these price 
levels are expected to be realistic. Furthermore, production costs are 
given at a constant reactor temperature of 1500 ◦C for all locations. At 
this temperature and with an initial CH4:CO2 ratio of 1:1 in the biogas, 
full conversion of CH4 and CO2 along with an H2:CO ratio of 2:1 in the 
effluent gas stream can be realized, which leads to minimum syngas 
production costs, irrespective of location and for all carbon selling pri
ces. Note, that as already discussed in the previous sections, it was 
assumed that the syngas production costs via steam reforming and coal 
gasification are independent of the electricity mix, as the reactor 
commonly is heated by autothermal combustion [92].

If a carbon selling price of 500 €/t is considered, the biogas-to-syngas 
process is currently unable to compete with the price of conventional 
production routes with CCS and without CO2 taxes in any country. 
Among the countries evaluated in this study, sustainable syngas would 
be most expensive in Germany (1.56 €/kg and 1.38 €/kg assuming a 
carbon revenue of 500 €/t and 1000 €/t, respectively). If electricity is 
generated exclusively from renewable sources, prices close to conven
tional production routes with CCS can be achieved in China, the USA, 
and Türkiye, even without CO2 taxation (which also needs to be 
considered even when using CCS) [92]. Moreover, China, the USA, and 
Türkiye show the lowest costs of 0.67 €/kg, 0.77 €/kg, and 0.85 €/kg, 
respectively. While in Germany the biogas-based process (at 1.21 €/kg 

Fig. 17. CO2 emissions via thermal biogas pyrolysis in Türkiye as a function of pyrolysis reactor temperature with different electricity sources: 100% local electricity 
mix (a), 50% local electricity mix and 50% renewable electricity sources (b), and 100% renewable electricity sources (c). Average CO2 emissions for syngas pro
duction via steam reforming and coal gasification (both with CCS) are shown as reference.

Table 7 
Costs for syngas production via biogas pyrolysis with a 100 % local electricity 
mix and a theoretical 100 % electricity supply from renewable sources at a 
reactor temperature of 1500 ◦C as well as a constant carbon selling price of 500 
€/t and 1000 €/t. Data for syngas production costs via steam reforming and coal 
gasification (both with (w/) CCS) are shown as reference. GER: Germany; TUR: 
Türkiye.

Country Minimum syngas production costs (€/kg syngas)

Pyrolysis Conventional processes (w/ CCS)

Steam 
reforming

Coal 
gasification

Local e- 
mix

Renewable 
electricity

Independent from e-mix

Syngas production costs (€/kg syngas) at a carbon selling price of 500 €/t carbon
China 0.84 0.67 0.68 0.70
USA 0.94 0.77 0.58 0.70
GER 1.56 1.21 0.78 0.70
TUR 1.20 0.85 0.60 0.70
Syngas production costs (€/kg syngas) at a carbon selling price of 1000 €/t 

carbon
China 0.66 0.49 0.68 0.70
USA 0.75 0.59 0.58 0.70
GER 1.38 1.02 0.78 0.70
TUR 1.01 0.67 0.60 0.70

Table 8 
Emissions for syngas production via biogas pyrolysis at a reactor temperature of 1500 ◦C with a 100 % local electricity mix and a theoretical 100 % electricity supply 
from renewable sources. Data for syngas production costs via steam reforming and coal gasification (both with (w/) CCS) are shown as reference. GER: Germany; TUR: 
Türkiye.

Country Emissions (kg CO2e/kg syngas)

Pyrolysis Conventional processes (w/ CCS)

Steam reforming Coal gasification

Local e-mix Renewable electricity Independent from e-mix

China 0.51 (1500 ◦C) − 1.28 (1500 ◦C) 0.24 0.20
USA − 0.16 (1500 ◦C) − 1.28 (1500 ◦C) 0.24 0.20
GER − 0.12 (1500 ◦C) − 1.28 (1500 ◦C) 0.24 0.20
TUR 0.14 (1500 ◦C) − 1.28 (1500 ◦C) 0.24 0.20
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syngas) could only compete with conventional routes if CO2 taxation is 
considered, China, the USA, and Türkiye are feasible locations for cost- 
effective syngas production via biogas pyrolysis already now or in the 
foreseeable future.

Biogas pyrolysis becomes even more advantageous if a carbon selling 
price of 1000 €/t and electricity supply from renewable sources is 
assumed: The syngas prices of 0.59 €/kg in the USA and of 0.67 €/kg in 
Türkiye allow to undercut the coal gasification process with CCS (0.70 
€/kg syngas). In China, thermal pyrolysis enables syngas prices as low as 
0.49 €/kg, which is economically even more viable than steam reform
ing with CCS (0.68 €/kg syngas). For all other cases, steam reforming 
with CCS remains the cheapest option. However, this may change if CO2 
taxation is introduced, which would emphasize ecological aspects that 
are discussed next.

Table 8 shows the emissions caused by the biogas pyrolysis process, 
either with a 100 % local electricity mix or with electricity from 100 % 
renewable sources, as well as via steam reforming and coal gasification 
(both with CCS). Herein, analogous to the data depicted in Table 7, a 
reactor temperature of 1500 ◦C was assumed for all locations.

Except China, using the current electricity mix would allow for 
syngas production via thermal pyrolysis in a more environmentally 
friendly than if conventional production routes with CCS are chosen. As 
emissions during electricity generation in the USA and Germany are 
comparably low already nowadays, the establishment of biogas pyrol
ysis reactors as suggested in this study would enable immediate net- 
negative emissions: In terms of CO2-equivalents, − 0.12 kg CO2e/kg 
syngas and − 0.16 kg CO2e/kg syngas can be achieved in Germany and 
the USA, respectively. Although negative CO2 balances are not yet 
achievable in Türkiye, the pyrolysis-related emissions are still lower 
than those caused by steam reforming or coal gasification with CCS. The 
high emissions caused during electricity generation impede an ecolog
ical operation of thermal biogas pyrolysis processes in China to date. 
However, if electricity is supplied exclusively from renewable sources, a 
net-negative CO2 balance of − 1.28 kg CO2e/kg syngas is theoretically 
possible in all locations, which strongly underscores the ecological 
attractiveness of the biogas-to-syngas process as an overall CO2 sink.

In conclusion, thermal biogas pyrolysis can represent a potential 
alternative syngas production route in China, the USA, and in Türkiye. 
Assuming an electricity supply from renewable sources in all three 
countries, the pyrolysis process can compete economically with con
ventional production routes with CCS, even if CO2 taxation remains 
unconsidered. From an ecological point of view, net-negative emissions 
of up to − 1.28 CO2/kg syngas can be achieved in all countries. Notably, 
the USA are the only location where biogas pyrolysis could be conducted 
with both, economic and ecological advantages over conventional 
technologies already nowadays with the current electricity mix.

In addition, it must also be taken into account that potential biogas- 
to-syngas plants would have a significantly lower production capacity 
compared to coal gasification plants, because fermentation plants for 
biogas production are limited in their capacity. Herein, a maximum 
biogas production rate of 2000 m3/h is usually assumed, as the costs for 
transporting the biomass to the fermentation plant can no longer be 
compensated for at higher capacities [58]. A complete conversion to 
syngas would provide an annual production capacity of approx. 26 
million m3, which is only a fraction of commercial steam reforming or 
coal gasification plants that can have a capacity of over 1 billion m3 

syngas per year [100,101]. As a result, biogas-to-syngas plants must be 
constructed and operated in a decentralized manner, preferably directly 
at the biogas source, to ensure that all excess biomass is utilized 
properly.

4. Conclusions

Within this work, a techno-economic assessment of thermal pyrolysis 
was conducted with a focus on two processes: the production of 
hydrogen from natural gas and the production of syngas from biogas. 

Pyrolytic hydrogen production was compared with conventional pro
duction routes, namely steam reforming of methane and electrolysis, 
and pyrolytic syngas production was compared with steam reforming of 
methane and coal gasification. In particular, production costs and car
bon footprint were evaluated under consideration of different pyrolysis 
reactor temperatures and carbon selling prices as well as location- 
dependent external parameters, i.e., costs for natural gas, biogas, and 
electricity sources, as well as corresponding greenhouse gas emissions. 
For this purpose, a process was simulated for both production routes 
using Aspen Plus; experimental data obtained during previous studies 
from a lab-scale pyrolysis reactor operated under industrially relevant 
conditions served as input parameters for the simulations [6,8,25]. 
China, the United States of America (USA), Germany, Saudi Arabia, and 
Türkiye were studied as potential locations.

Costs for hydrogen production via natural gas pyrolysis are generally 
similar or even lower compared to steam reforming, if a carbon selling 
price of 500 €/kg is assumed. If the costs for natural gas and electricity 
are low, such as in the USA and in Saudi Arabia, H2 production costs of 
less than 1 €/kg can be achieved. Although electrolysis is the only 
entirely emission-free production pathway, it requires much more en
ergy than pyrolysis (herein, a value of 50 kWh/kg H2 was assumed for 
electrolysis, and a demand of approx. 5.3 kWh/kg H2 was calculated for 
thermal pyrolysis at 1200 ◦C), resulting in substantially higher H2 pro
duction costs. The latter process has the advantage of potentially being 
operated completely emission-free, however, this requires a power 
supply that solely relies on renewable sources. For instance, with the 
current electricity supply in Saudi Arabia, thermal pyrolysis releases 
approx. 3 times less CO2e per kg H2 compared to electrolysis. Although 
even in the most favorable case with a power supply from 100 % 
renewable sources natural gas pyrolysis generates inevitable emissions 
of more than 1 kg CO2/ kg H2 that are caused by natural gas extraction, 
pyrolysis is ecologically still much more favorable compared to steam 
reforming, which causes 8.47 kg CO2e/kg H2 without CCS and 2.10 kg 
CO2e/kg H2 with CCS.

Overall, local factors greatly govern the economic and ecologic ap
peal of pyrolysis processes. In countries with comparably low electricity 
costs and moderate natural gas prices, such as the USA or China, natural 
gas pyrolysis is a suitable bridging technology, as it can already nowa
days supply significantly cheaper and lower-emission hydrogen 
compared to electrolysis with the current electricity supply. While 
hydrogen from pyrolysis is significantly cheaper than H2 from electrol
ysis and steam reforming with CCS in the USA even with a decarbonized 
electricity supply, electrolysis is the cheapest H2 production method in 
China in the long term. In Germany, both pyrolysis and electrolysis are 
more cost-intensive than steam reforming with CCS, whereby electrol
ysis appears to be the more feasible alternative in the long term due to 
the small cost difference and the advantageous CO2 footprint compared 
to pyrolysis.

The results discussed above consider carbon selling prices between 
500 €/t and 1000 €/t, which are assumed to be realistic in the short-term 
under consideration of the properties of pyrolytic carbon that were re
ported previously [6,25]. A more specialized application of carbon, e.g., 
as activated carbon, could increase the carbon selling price and conse
quently decrease hydrogen production costs even further; for instance, a 
carbon selling price of 2000 €/t carbon would theoretically lead to 
negative H2 production costs. However, the characterization and iden
tification of possible fields of application for the accruing carbon is still 
subject to current research [39]. Furthermore, it is important to mention 
that the carbon market is currently much smaller than the hydrogen 
market [39]. Hence, meeting the entire global demand for hydrogen 
solely via natural gas pyrolysis seems unrealistic, simply because way 
too much carbon would be produced. In some regions, however, it could 
be a reasonable production technology that enables the production of 
hydrogen that is, compared to alternative production routes, signifi
cantly cheaper and lower in emissions.

Biogas, on the other hand, is currently mainly used to generate 
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electricity. Although its (large-scale) utilization as a feedstock for the 
production of renewable syngas is still under investigation, biogas py
rolysis is of great ecological potential since the process can serve as a 
CO2 sink that enables negative emissions of up to − 1.28 kg CO2e/kg 
syngas. From an economic point of view, the syngas production costs can 
compete with those of conventional syngas production methods (with 
CCS) in the USA, Türkiye, and Germany. In China, where minimum 
syngas production costs of 0.49 €/kg at a carbon selling price of 1000 €/t 
can be achieved, the biogas pyrolysis process can outperform steam 
reforming and coal gasification with CCS even economically – notably, 
although CO2 taxation remains unconsidered throughout this work. To 
ensure such low syngas production costs combined with negative CO2 
emissions, electricity needs to be supplied completely from renewable 
sources.

In conclusion, biogas pyrolysis should be exploited at locations 
where a significant amount of biomass is produced or where material 
recycling seems economically and ecologically more feasible than sim
ple power generation. However, it must be taken into account that 
fermentation plants for biogas production are limited in their production 
capacity, meaning that production must be decentralized for large-scale 
syngas production. In addition, the biomass potential is typically 
insufficient to cover the entire syngas demand. To date, these aspects 
make the biogas-to-syngas process particularly interesting as a com
plementary technology for carbon capture while at the same time 
renewable syngas is produced.
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