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� Methane pyrolysis has been carried out in molten metal bubble columns.

� A techno economic analysis has been carried out.

� Clean hydrogen is produced at a cost comparable to the one without CO2 capture.

� The economics depend on the quality of carbon formed and type of process integration.
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a b s t r a c t

Nowadays, nearly 50% of the hydrogen produced worldwide comes from Steam Methane

Reforming (SMR) at an environmental burden of 10.5 tCO2,eq/tH2, accelerating the conse-

quences of global warming. One way to produce clean hydrogen is via methane pyrolysis

using melts of metals and salts. Compared to SMR, significant less CO2 is produced due to

conversion of methane into hydrogen and carbon, making this route more sustainable to

generatehydrogen.Hydrogenisproducedwithhighpurity,andsolidcarbonissegregatedand

deposited on themolten bath. Carbonmay be sold as valuable co-product,making industrial

scale promising. In this work, methane pyrolysis was performed in a quartz bubble column

usingmolten galliumasheat transfer agent and catalyst. Amaximumconversion of 91%was

achievedat 1119 �Candambient pressure,witha residence timeof thebubbles in the liquidof

0.5 s. Based on in-depth analysis of the carbon, it can be characterized as carbon black.

Techno-economic and sensitivity analyses of the industrial concept were done for different

scenarios.Theresultsshowedthat, ifco-productcarbonissaleableandaCO2taxof50europer

tonne is imposed to theprocesses, themoltenmetal technologycanbecompetitivewithSMR.

© 2020 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/
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Introduction

On 12th December 2015, 195 countries set the basis of the Paris

Agreement. They agreed to keep themean global temperature

increase below 2 �C above pre-industrial levels by 2100.

Moreover, they committed to developing technologies that

can limit the temperature rise to 1.5 �C. Nevertheless, this

limit represents a big challenge when looking at the temper-

ature history over the last 160 years. The global mean tem-

perature from before 1860e2020 has increased approximately

1.4 �C [1,2]. Considering the last 40 years the temperature in-

crease has been nearly 1 �C, which is the highest rate of in-

crease in history [1,2]. During the same period, the global CO2

concentration has skyrocketed from 340 to 416 ppm, which

represents an unprecedented average increase rate of almost

2 ppm/year [2]. The increase of world population implies

higher energy demands, which will result in generating more

CO2 with the actual fossil fuel dominated energy mix. The

current environmental policies are still far from meeting the

goals set in the Paris Agreement. In the past decades, efforts

have been made focused on developing sustainable, CO2-

neutral energy sources. One of them is hydrogen, which does

not generate CO2 emissions in its combustion with air (or

when used in electrochemical energy systems). Its application

as feedstock for fuel cells to power electric cars is promising

and increases its demand by the automotive industry. How-

ever, 96% of the world's hydrogen production use fossil fuel-

based technologies, emitting tremendous amounts of CO2.

Specifically, 48% of these processes use natural gas (NG) as

feedstock, 30% use petroleumand 18% use coal. Only 4% of the

H2 is made from renewable sources, such as water electrolysis

[3]. The current benchmark process for H2 production is Steam

Methane Reforming (SMR), which consists of the chemical

conversion of natural gas with steam to produce carbon

monoxide and hydrogen. A subsequent reaction step known

as water gas shift (WGS) is carried out in order to improve the

production of hydrogen and thus the H2/CO ratio. A by-

product of this reaction is CO2, and it is produced at the

same rate as methane is consumed. The produced H2 is then

separated in a Pressure Swing Adsorption unit (PSA) with high

purity. In addition, the PSA off-gas is often used as part of the

fuel for steam generation, releasing CO2 after combustion. In

fact, SMR emits over 10.5 tCO2,eq/tH2 (i.e. 0.48 molCO2,eq/molH2),

which pollutes the environment and increases the negative

environmental impact made by mankind [4]. To mitigate this,

the scientific community is currently working towards novel

technologies for sustainable hydrogen production [3,5e9].

Methane pyrolysis. A CO2-free sustainable technology

Methane pyrolysis is a relatively simple process to produce

high purity hydrogen with the extra advantage that carbon

oxides (CO/CO2) are not produced. This process is moderately

endothermic, and yields hydrogen and solid carbon as indi-

cated in Eq. (1) [4].

CH4ðgÞ⇔CðsÞþ2H2ðgÞ DH0
net ¼ 74:8kJ

�
molCH4 (1)

Twomoles of hydrogen are formed per mol of methane via

methane pyrolysis. This ratio is unfavorable compared to
SMR, where both steam reforming and water gas shift re-

actions improve the balance up to four. From a chemical

equilibrium perspective, and following Le Châtelier's princi-

ple, low pressures and high temperatures drive the reaction

towards the products. The effect of temperature and pressure

on the equilibrium conversion of methane is presented in

Fig. 1 for a range of pressures from 1 to 35 bar and tempera-

tures from 100 to 1500 �C.

As seen in Fig. 1, the equilibrium-limited reaction may

require temperatures over 900 �C at 1 bar in order to achieve

conversions over 95%. It has been reported that conversions

over 90% have been achieved at short residence times (<1.5 s)

within the temperature range 1450e1500 �C [11]. Pyrolysis of

methane at these conditions is however very energy-

intensive, and therefore solid, metal-based catalysts have

been further developed to decrease the reaction temperature.

Unfortunately, it was proven that by using nickel-based cat-

alysts, carbon nanofibers are deposited on the active phase of

the catalyst, leading to rapid deactivation. Researchers have

carried out several analysis from an energetic and economic

point of view to evaluate the possibility of using carbon as

catalyst [12]. In fact, the authors demonstrated that methane

pyrolysis was possible under SMR common temperatures (i.e.

800-900 �C), by using disordered carbon materials with high

surface areas. They concluded that the catalytic properties of

carbons were mainly determined by their structural and sur-

face properties, which means that the surface concentration

of high-energy sites constituted the key factor of their activity

[13]. Moreover, several studies using char coal, activated car-

bon or carbon black as catalysts were performed [14]. The

conclusion was that activated carbon performed best, fol-

lowed by carbon black, however catalyst deactivation

occurred in all cases due to the high amounts of carbon

formed over time. Therefore, further developments are still

needed to ensure a constant activity of catalysts to perform

methane pyrolysis at low temperatures.

The co-produced carbon is a valuable material with many

applications in industry, depending on its quality. Most com-

mon forms of carbon are petroleum coke, carbon black, acti-

vated carbon, and carbon filaments. Carbonaceous materials

are used as adsorbents, catalyst and catalyst supports (acti-

vated carbon); as structural and tensile-force resisting mate-

rials (carbon filaments) and in the rubber tire industry (carbon

black) [12,15,16]. The selling prices vary sensitively from type

of carbon. For coke and carbon black, prices range 150e400V/t

and 500e1000 V/t, respectively, whereas for activated carbon

the prices can be up to 1500e1800 V/t and even 1 MV/t for

carbon filaments [12,17]. At industrial scale it is important to

characterize the produced carbon, given that its quality has an

impact on the total revenues and process economics,

providing that all the produced carbon in the plant has its

market.

According to the International Energy Agency's Global

Trends and Outlook for Hydrogen Report [18], global hydrogen

market is estimated to value 154.74 billion $ in 2022. The global

demand of pure hydrogen in 2018was almost 74Mtonnes, and

recent trends show an increase in demand of approximately 2

Mtonnes/year [19], reaching over 80 Mtonnes in 2022.

Considering that 48% of the world's hydrogen production is

made by SMR, more than 38 MtonnesH2/year would be

https://doi.org/10.1016/j.ijhydene.2020.11.079
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Fig. 1 e Equilibrium conversion of methane with temperature and pressure in Aspen Plus® v10. Based on [10].
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produced and almost 400 MtonnesCO2/year would be emitted.

In order to make a difference in the reduction of CO2 emis-

sions, similar hydrogen throughput should be produced by

methane pyrolysis technology. However, to reach such

amount per year more than 100 Mtonnes of carbon would be

produced, and the annual worldwide carbonmarket is around

13.6e18 Mtonnes [12]. This means that the carbon market

should increase 6e8 times for a viable exit of the carbon,

constituting the main constraint for industrial implementa-

tion. That is why methane pyrolysis has been labeled as

“bridge technology” from fossil fuels to greener and more

sustainable processes, and medium-scale plants should be

considered first in order to assess its feasibility [20]. Another

interesting approach to propose a sustainable exit of the car-

bon surplus, in order to increase the global production of

hydrogen by methane pyrolysis, focuses on the storage of

solid carbon as a back-up energy source for the future, when

CO2 capture technologies are fully developed.

Methane pyrolysis using melts: molten metals and salts

The first-knownmanuscript wherein the use ofmoltenmetals

(MMs) was proposed for hydrogen production is an US Patent

in 1931 by Daniel Tyrer [21]. He proposed the use of molten

iron to dissolve carbon and to burn themixture jointly with air

in a different chamber. This enabled sufficient heat for the

process and for keeping the iron molten. In recent decades,

the use of MMs for methane pyrolysis has been widely

investigated. For instance, Steinberg [22] proposed in 1999 a

reactor concept which consisted of amoltenmetal bath of tin/

copper, in order to promote the heat transfer from the bath to

the upcoming methane (upwards) in a bubbling reactor

configuration. He pointed out its benefits in terms of carbon

separation, which would be placed on top of themoltenmetal

bath, but also in terms of heat transfer enhancement.
Moreover,Wang et al. [23] proposedmoltenmagnesium as the

liquidmedia for the thermal decomposition of methane. They

found out that the energy required to form 1 mol of hydrogen

was 65.1% the energy needed for SMR. However, the stability

of magnesium at high temperatures was proven very low due

to vaporization of the metal, limiting its scale-up.

MMs possess unique properties as heat transfer media,

avoiding temperature losses or ramps along the reactor's
height. Besides, MMs have been widely used in steel industry

and metallurgy, therefore it does not represent a technical

challenge for the field. Phase segregation of hydrogen and

carbonmay be reached based on density difference, as carbon

is lighter than any of the above-mentioned metals. Moreover,

carbon's low volatility and solubility in liquids allow its

deposition on top of the molten media, facilitating its sepa-

ration and handling. Carbon can be easily removed in a

continuous process using floatation cell technology, which is

normally performed in slag removal [24]. In blast furnaces, a

set of pipes is employed to tap both slag andmolten iron from

different heights of the furnace [25].

MMs, when mixed with metallic elements or alloys, may

also present catalytic properties. For instance, a work recently

done by Esrafilzadeh et al. [26] reported that CO2 can be

reduced to solid carbon at room temperature using a cerium-

containing liquid galinstan as electrocatalyst. Recently,

Upham et al. [27] provided a comparison of the catalytic ac-

tivity of different molten media for methane pyrolysis, and it

was reported that a liquid catalyst composed of 17% Ni e 83%

Bi had the highest rate of hydrogen production, with a value of

9.0∙10�8 mol H2 prod./cm2.s. However, a liquid catalyst with

27% Ni e 73% Bi achieved the highest methane conversion of

methane (95%) at 1065 �C. Ni is the active phase for cracking,

which is not deactivated by coking as the gas passes through

themelt and drags the produced carbon to the top of the liquid

metal surface, thus achieving high performance.

https://doi.org/10.1016/j.ijhydene.2020.11.079
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Currently, molten salts have also been investigated as

catalysts for methane pyrolysis. A CH4 conversion of approx-

imately 55% and H2 selectivity of 99% were reported using a

molten mixture of 67% MnCl2eKCl 33% in a continuous run of

30 h at 1050 �C [28]. A more modest CH4 conversion of 9% at

1000 �C was achieved by a Fe (3%)-NaKCl moltenmixture after

50 h of continuous run, showing no signs of deactivation [29].

The use of molten salts as an intermediate layer between the

MMs and solid carbon has been also investigated for carbon

purification. Recently, several authors, Rahimi et al. [30] re-

ported that the addition of molten bromide salts in a reactor

containing a liquid catalyst with 27% Ni e 73% Bi reduced the

metal impurities of the produced carbon to less than 0.1 wt%.

Reactor design for the technology: the liquid metal bubble
column reactor

Many efforts have been focused on the design of the liquid

metal bubble column reactor (LMBCR), which works at high

temperatures (750e1200 �C) and atmospheric pressure. The

most employed MMhas been tin [31e34]. Tin is a highly stable

metal, with vapor pressures as low as 1.1 Pa at 1300 K. Its

shrinkage on solidification (2.8%) ensures good mechanical

strength of the construction materials for the reactor, such as

quartz or stainless steel (SS), and it reduces its volume by

cooling after operation [35]. Table 1 summarizes the scientific

efforts regarding the development of a LMBCR using molten

tin.

In Table 1, parameters such as the residence time of the gas

in the liquid (tL) or type of bubbles generator are presented,

and these parameters play a significant role in the reaction

performance. Values of the tL were calculated by Serban et al.

[10] using the approach for gas bubble velocity determination

under laminar flow conditions in molten metals, previously

reported by Andreini et al. [36]. The use of SS reactors for high-

temperature operations (>900 �C) is not recommended due to

the strong corrosion effects of molten tin on the steel [34,37].

In contrast, quartz is corrosion-resistant and mechanically

stable at harsh conditions, making it a suitable reactor ma-

terial [33]. Furthermore, tin improves heat transfer from the

energy source to the bubbles. For a constant inlet gas flow

higher liquidmetal volumes are desired in the systembecause

tL is increased. However, the highest methane conversion

value (51%) was achieved with the lowest reaction tempera-

ture and tL of the three reactors. This suggests that other

factors may play a role in the pyrolysis, such as the bubbles

generator. By using porous distributors, the production of

small bubbles along the reactor's diameter improves the

conversion of methane. Small bubbles allow higher gas-liquid

interfacial areas for the cracking reaction, even at relatively

low cracking temperatures (750 �C). The use of a porous plate

distributor seems to be optimal compared to the single orifices
Table 1 e The LMBCR properties, operating conditions and per

Source Reactor Material Bubbles Generator

Serban et al. [10] SS MOTT® 0.5 mm porous distri

Plevan et al. [32] SS 1 mm orifice

Geibler et al. [33] Quartz 0.5 mm orifice
proposed by Plevan et al. [32] and Geibler et al. [33]. In fact, the

lowest methane conversion was achieved with the highest

diameter of the orifice (1 mm), even though tL is approxi-

mately 5 times higher than that for the reactor with porous

distributor. This means that the use of an orifice does not

effectively disperse the bubbles along the reactor, and these

bubbles are bigger than that of porous distributors, implying

lower gas-liquid interfacial areas which limit conversion.

With a reduction of 50% in the orifice size (i.e. 0.5mm), and the

highest tL and temperature among the three studies, the

conversion improved up to 32%. Nevertheless, this perfor-

mance was not as efficient as the one reported by Serban et al.

[10]. The use of a porous plate distributor, high temperatures

and high tL are considered to be key parameters to enhance

reactor performance. An innovative configuration of the

LMBCR was proposed in 2016 by Geibler et al. [34], reporting

high hydrogen throughput. In this research, a highly porous

packed bed made of cylindrical quartz rings is embedded in-

side quartz tube, filled with molten tin. The quartz tube is

protected by a SS tube of 1150 mm length and 49.25 mm inner

diameter. The introduction of the packed bed enabled better

control and homogeneity of the residence time, as the resi-

dence time decreases from the bottom to the top because

bubble size increases due to the molar expansion by forma-

tion of hydrogen. The maximum hydrogen yield (78%) was

found at 1175 �C and 50 mLn/min, with less than 2 mol% of

intermediate products (ethylene, ethane). Despite extensive

research, many aspects on how the reaction takes place

remain unclear. In this work, a LMBCR using pure gallium and

a quartz porous plate for bubbles distribution was designed

and tested for methane pyrolysis. Gallium was chosen due to

its lowmelting point (29.7 �C), viscosity (0.59 cP at 1010 �C), and
easy handling [38,39]. Upham et al. [27] also reported that

gallium may present catalytic properties in pyrolyzing

methane, with a hydrogen production rate of 3.2∙10�9 mol H2

prod./cm2.s, although this productivity is on average one order

of magnitude lower than that of a BieNi combination, as

mentioned earlier. Themain objective was the demonstration

of the concept by using a quartz-based reactor in a bubble

column configuration with a quartz porous plate, and pure

gallium as the molten metal. No reactor with these charac-

teristics was tested before in literature. Conversion mea-

surementswere donewith the presence ofmolten gallium but

also in empty reactors, to set a reference case. The experi-

ments with gallium were done to assess whether the liquid

media acts as a catalyst or simply as a heat transfer media for

the reaction. Furthermore, the influence of tL on both

methane conversion and carbon segregation was evaluated.

The quality of the generated carbon was characterized to

assess its market value. Finally, different plant configurations

were proposed for the concept at industrial scale. Thermo-

dynamic, techno-economic and sensitivity analyses were
formance. Adapted from [34].

MM tL (s) Temp. (�C) CH4 conversion (%)

butor Tin 0.5e0.3 750 51

Tin 2.7e1.7 900 18

Tin 4.9e3.2 1000 32

https://doi.org/10.1016/j.ijhydene.2020.11.079
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made for comparison of the proposed configurations with the

benchmark technology (SMR).
Materials and methods

Reactor

The reactor concept is depicted in Fig. 2.

In Fig. 2, it is observed that pure methane is fed at the

bottom of the reactor, which has inside a molten metal bath

on top of a porous plate, which homogeneously distributes the

gas phase along the reactor, and where bubbles are formed by

the contact between the uprising gas and the liquid media. At

that point, the reaction in Eq. (1) would take place at the gas-

liquid interface between the bubble and molten gallium. The

bubble would increase its size due to the increase in volu-

metric gas flow by molar expansion, caused by production of

hydrogen. In fact, the volumetric gas flow would double the

initial gas flow upon 100% conversion of methane is achieved.

In principle, the bubble diameter is estimated to be 1.26 times

the initial size, value which comes from the ratio between

final (100% H2) and initial (100% CH4) bubble volumes. In

practice, bigger bubbles may be formed by coalescence. The

hydrostatic pressure head caused by the heavy molten metal

may play a role in bubble size distribution, although its effect

decreases along the height of the liquid. Carbonwould then be

generated and deposited homogeneously along the interface,

and the reaction would finish once the entire interface is

covered by carbon. The bubbles would continue their ascen-

sion until they reach the molten gallium surface. In here, the

bubbles would pop, releasing both hydrogen and carbon, the

latter being deposited in layers on top of the molten metal

bath due to differences in density, achieving full segregation

of phases. Hydrogen subsequently leaves the reactor at the

outlet and flows downstream the process.

Materials and experimental set-up

The material used in this work was gallium with a minimum

purity of 99.99%, supplied by Rotometals. The reactor consists
Fig. 2 e Methane cracking reaction inside a LMBCR using

pure gallium and a quartz bubbles distributor.
of a U-shaped vessel of 3 mm thick quartz tube equipped with

a DURAN® quartz porous plate of 36 mm in diameter, with the

biggest nominal pore size distribution available (160e250 mm),

in order to reduce the pressure drop in the system. The reactor

is placed inside a 360 mm height electrical oven (ELICRA Split

Furnace). The reaction volume is approximately 350 mL. The

experimental apparatus is presented in Fig. 3.

The reactor is embedded in an electrical oven with 3 in-

dependent heating zones, all of them equippedwith their own

temperature controllers and sensors, TC's 1e3 and TE's 1e3

respectively. The inner electrical resistances and ceramic

isolation enable reaction temperatures as high as 1150 �C. For
a more accurate monitoring of the temperature profile along

the reactor, 3 notches of 2 mm, evenly spaced by 160 mm,

were created at the reactor's outer wall to assemble 3 ther-

mocouples (TE's 4e6). Argon, nitrogen, methane, hydrogen

and air were available in the setup and controlled by 3

Bronkhorst mass flow controllers (MFC's 1e3). Relief valves

were placed in the gas lines to ensure process safety (SV's
1e5), as well as check valves (CV's 1e3), to avoid back-flow of

gas. The gases were fed at atmospheric pressure, monitored

by the pressure transducer PT-1, and were subsequently pre-

heated before reaching the porous plate distributor. The outlet

gas leaves the reactor at nearly ambient conditions, registered

by the pressure transducer PT-2 and the thermocouple TE-7.

For gas chromatography, a slight pressure difference of

around 0.3 bar was required for its correct use. The change in

pressure was achieved by using a manually actioned needle

valve (NV), placed before a digital pressure indicator (PI). The

gases were finally sent to the exhaust. The experiments were

driven towards the validation of the concept, using a diluted

feed mixture consisting of 50-50% Ar-CH4 at a standard volu-

metric flow of 450 mL/min. By using a diluted mixture, the

partial pressure of methane inside the reactor is reduced and

the equilibrium shifts to the right, according to Le Châtelier's
principle for gas-phase reactions at constant reactor pressure.

This flow rate in empty reactors enabled a minimum gas

residence time of 46 s at ambient conditions and, after volu-

metric expansion of the gas by increase in temperature, a

minimum of 10 s was estimated for the highest temperature

(1100 �C). The temperature registered by sensor TE-5 was

chosen to indicate the reaction temperature, given its position

in the middle of the heating zones. Two sets of experiments

were carried out in this work. Firstly, thermal cracking of

methane was performed in the reactor without any molten

gallium (will be hereafter referred to as blank experiments).

These experiments mainly focused on achieving methane

conversions at different cracking temperatures and also on

the identification of reaction intermediates, which could also

be formed in the reaction. These blank experiments did not

only set a baseline for comparison with the experiments

including the molten metal, but also allowed the collection of

the obtained carbon for characterization. On the other hand,

experiments with increasing quantity of molten gallium were

done in order to determine its effect on methane pyrolysis.

Liquid gallium was filled in the reactor until reaching a liquid

height of 50 mm and 150 mm for methane pyrolysis. This

implied a volumetric fraction of liquid inside the reactor of

14% and 43%, respectively.

https://doi.org/10.1016/j.ijhydene.2020.11.079
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Fig. 3 e Experimental apparatus for the thermal cracking of methane using molten gallium.
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Characterization techniques

Gas chromatography
The outlet gases from the reactor were analyzed by a 490

Micro GC, provided by Agilent Technologies. The Micro GC

consisted of two modules with two different columns for

molecular sieving. The first column was a molecular sieve of

5 Å, which utilized Helium as carrier gas and detected gases

such as argon, methane and carbon dioxide. The second one

was a COx column that used argon as carrier gas and detected

helium, hydrogen and air. An external standard method was

performed to determine the concentrations of the gases in the

mixture.

Raman spectroscopy
Raman spectroscopy was used to determine the structure of

the carbon samples for quality assessment. The technique

consisted of injecting a laser beam of a specific wavelength to

bring the CeC bonds to an excitation state, which allowed the

measurement in the form of spectra. The carbon samples

were tested in aWITec Alpha 300 Raman Spectrometer using a

laser beam with an intensity of 633 nm.

BrunauereEmmetteTeller (BET) surface area
The determination of the BET surface area and the average

pore size was necessary to characterize the carbon samples. A

Micromeritics Tristar 3020 Analyzer was used for such pur-

pose. The analysis was performed in two steps: degassing

method for cleanup and surface area analyzer. A degassing

cleaningmethod for 6 h, in inert atmosphere with N2 at 300 �C
and vacuum pressure was carried out before each analysis.
Following this procedure, BET surface areas and average pore

sizes were obtained for 3 carbon samples, produced at average

temperatures of 950, 1000 and 1030 �C. They were tested in

order to evaluate the effect of temperature on the carbon

properties.

Description of the industrial concept

The industrial concept using molten gallium is proposed in

this work. Here, natural gas (NG) replaces puremethane as the

desired feedstock due to its abundance for industrial pro-

cesses. Medium-size plants for a hydrogen capacity of 0.75 kg/

s or 21 kilotonnes per annum (kta) were simulated using

Aspen Plus® v10 according to specific case scenarios, which

are described further in the text. The general process scheme

consists of a reaction stage, heat integration stages with

generation of steam for electricity production; and purifica-

tion & compression stages for both H2 and CO2. This is illus-

trated in Fig. 4.

In the reaction stage, natural gas is pre-heated and

conditioned to the reactor pressure before entering the

reactor. The reactor operates at 10 bar, in order to reduce

reactor volume and H2 compression costs, and a tempera-

ture of 1200 �C is chosen to compensate the loss of con-

version by working at pressures higher than atmospheric. It

is assumed that the reaction in Eq. (1) achieves equilibrium

at such conditions and at extremely short residence times,

mainly due to the high surface areas of microbubbles which

are generated by the porous distributor. Pyrolysis with

molten gallium allows complete segregation of hydrogen

(gas) and carbon (solid). Hydrogen exits the reactor at the
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Fig. 4 e The industrial concept. Main process stages and cases scenarios for the energy supply to the reactor.
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top, and carbon is deposited on the surface of the molten

metal. It exits the reactor by gravity inside a high-

temperature resistant pipe and a series of reducing valves,

which are placed along the pipe to decrease the pressure up

to 1 bar. This practice is similar to the one employed for

slag removal in blast furnaces [40,41]. The reactor cannot

work at adiabatic conditions since it is an endothermic re-

action, and eventually the necessary temperature for the

pyrolysis would not be reached. The isothermal operation

requires continuous supply of energy, which can be pro-

vided by burning fuels or by implementation of an electric

arc furnace. In this concept, 4 different cases were

considered.

Case 1. It considers the combustion of a fraction of the

produced carbon in a burner, to meet the energy demands of

the pyrolytic reactor. By burning carbon, the production of H2

per mol of natural gas reaches its maximum and therefore

extra natural gas is not needed for the process. The CO2

emissions, product of its combustion, represents the main

limitations. Considering that CO2 may be collected in a carbon

capture and storage unit (CCS), 2 subcases of Case 1 are

studied: Case 1 without CCS (C1) and Case 1 with CCS

(C1þCCS).

Case 2 (C2). This case considers combustion of hydrogen

inside the burner, generating steam. This alternative is

inherently based on the precombustion capture CCS tech-

nique. In addition, carbon revenues are maximized because

any amount is utilized for energy supply. However, more NG

needs to be pyrolyzed in a bigger reactor, in order to meet the

hydrogen capacity of the plant, thus increasing the operating

and capital costs.

Case 3. This case proposes the use of additional NG as fuel

source for the burner, in order to maximize the production

and selling of both carbon and H2. The combustion will also
lead to CO2 emissions. Again, 2 subcases are studied: Case 3

without CCS (C3) and Case 3 with CCS (C3þCCS).

Case 4 (C4). This case considers the use of electricity in an

electric arc furnace to supply the necessary energy to the

reactor. CO2 is not produced in this process, but it is assumed

that electricity is supplied by a non-renewable conventional

source, implying associated CO2 emissions. The capital cost is

reduced due to the lack of a burner, a heat exchanger network

to cool down the flue gases after combustion and the absence

of CCS technology.

The heat integration stage provides the necessary heat/

cooling requirements of the different streams/units of the

process. For the hot carbon, moving bed heat exchangers

are required for cooling down. A set of shell-and-tube heat

exchangers is used to conditioning H2 and fuel gases prior

purification and compression. The purification of H2 is car-

ried out by a pressure swing adsorption (PSA) unit, and the

subsequent compression is achieved by a multi-stage

compressor with inter-stage cooling. Electricity for the

compressors, pumps or air blower is generated by an in-

termediate pressure steam turbine. The steam needed for

the turbine is generated inside the plant by taking advan-

tage of the extremely hot flue gases stream together with

the solid carbon stream. Subsequently, the flue gases

stream needs to be further treated in a CCS unit. The cho-

sen CCS technology is a conventional post-combustion

carbon capture which uses amines such as monoethanol-

amine (MEA) for the chemical absorption of CO2 [42]. Sol-

vent recovery is done in a stripping column using steam,

which absorbs the CO2 from the amine, demanding

considerable amounts of energy [43]. The CO2 is purified by

condensation of steam and compressed in a multi-stage

compressor with inter-stage cooling.
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The selection of construction materials for equipment is

crucial in this energy-intensive process. The reactor mate-

rial is the high-nickel-chromium-iron alloy 602CA® (also

known as Nicrofer® 6025HT), which has been reported to

withstand operating temperatures above 1200 �C, even in

oxidative environments [44e46]. The burner and the electric

arc furnace are both considered to be made of carbon steel,

lined with a 500-mm layer of MgOeC refractory brick,

which can withstand temperatures of even 1500 �C [4,47].

The shell-and-tube heat exchangers are made of SS 316

(shell) and Haynes® 556® alloy (tube). The maximum long-

term exposure temperature of these materials are 870 �C
[48] and 1095 �C [49], respectively. Haynes® 556® can also

withstand higher temperatures for short-time exposures

[49]. For the conditioning of the hydrogen and flue gases,

SS 316 is replaced by SS 310, which can withstand up to

1150 �C in continuous operation and even higher temper-

atures for exposures of short duration [48]. For the moving

bed heat exchangers, Solex Thermal Science have claimed

that their Solex® moving bed can cool bulk solids from up

to 2000 �C, with 90% less energy consumption. This tech-

nology can treat from 100 to 100,000 kg/h of hot solids

indirectly by conduction, and the recovered heat can pro-

duce high-grade pressurized steam for their use inside the

plant [50,51].

The process flow diagrams of the different cases, along

with their mass balances, can be consulted in the

Supplementary Material. The list of assumptions for the

modeling of the plants is found in Table 2.
Table 2 e General assumptions for the process simulations (ta

Property

NG composition (mol %)

NG feed conditions

NG lower heating value (LHVNG)

H2 lower heating value (LHVH2)

Air composition (mol %) and conditions

H2 production capacity

Process Conditions

Pre-pyrolysis inlet conditions

Reactor operating conditions

Burner operating conditions

NG conversion

Residence time of the bubbles in the liquid (tL)

Equipment

PSA inlet conditions

PSA H2 separation purity

PSA recovery factor

Steam turbine

Isentropic efficiency

CCS CO2 removal efficiency

Electric efficiency in centrifugal pumps

Multi-compressor stages

Products Specifications

Carbon market conditions

Hydrogen market conditions

CO2 storage conditions

Assumptions made in this work

Liquid gallium inside the reactor (vol. %)

O2 in the exhaust gases (mol %):
Thermodynamic assessment: plant indexes

Thermodynamic assessmentshavebeenperformed inorder to

evaluate the global performance of the considered plants for

the concept. Different performance indexes were used for the

assessment and these indexes were previously explained in

thework byMartı́nez et al. [54]. Themathematical expressions

per index can be consulted in Table 3. In order to compare the

performance of the new plants with the benchmark technol-

ogy (SMR), the work done by Spallina et al. [55] was taken as

reference for the SMR plants, with and without CCS.

Techno-economic assessment: methodology

The methodology for the cost estimation of power plants

developed in 2011 by the US Department of Energy e National

Energy Technology Laboratory (DOE-NETL), was the one

employed for the techno-economic assessment. The expected

accuracy can go from 15 to 30% of underestimation to 20%e

50% of overestimation [56].

Total overnight costs
In this methodology, the total capital expenditures are

referred to as total overnight costs (TOC), which include the

total plant acquisition and installation costs of all the neces-

sary components for the plant. The methodology to calculate

the TOC is described in Table 4.

To calculate the bare erected cost per component, Eq. (2) is

followed.
ken from [4,52,53]).

Description

89% CH4; 7% C2H6; 1% C3H8; 0.11% C4H10; 2% CO2; 0.89% N2

70 bar; 15 �C
46.502 MJ/kg

120.19 MJ/kg

77.4% N2; 20.7% O2; 1.0% H2O; 0.9% Ar; at 1 bar and 25 �C
0.75 kg/s (21 kta)

10 bar; 500 �C
10 bar; 1200 �C
1 bar; 1250 �C
95% (equilibrium conversion at reactor conditions)

1 s

10 bar; 50 �C
99.999%

89%

30 bar; 366 �C
94%

90.52%

70%

3

1 bar; 30 �C
150 bar; 30 �C
110 bar; 30 �C

75% (to reach desired residence time, tL)

2% (to minimize excess of air for combustion)
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Table 3 e Performance indexes for the thermodynamic assessment of thermal plants (based on [54]).

Index Mathematical expression Units

Equivalent natural gas input _mNG;eq ¼ _mNG � Qth

hth;ref ,LHVNG
� Wel

hel;ref ,LHVNG
½kg ,s�1�

Steam export Qth ¼ _msteam;export,ðhsteam@6bar � hliqsat@6barÞ ½W�

H2 production efficiency hH2
¼ _mH2,LHVH2

_mNG,LHVNG
½ � �

Equivalent H2 production efficiency hH2 ;eq ¼ _mH2,LHVH2

_mNG;eq,LHVNG
½ � �

CO2 specific emissions ECO2 ¼ _mCO2 ;capt

_mNG,LHVNG,ENG
½kgCO2 ,Nm�3

H2
�

Equivalent CO2 specific emissions ECO2 ;eq ¼ _mCO2 ;capt � Qth,Eth;ref �Wel,Eel;ref

_mNG,LHVNG,ENG
½kgCO2 ,Nm�3

H2
�

Equivalent, specific primary energy consumption for CO2 avoided (SPECCAeq) SPECCAeq ¼

1
hH2 ;eq

� 1
hH2 ;eq;ref

ECO2 ;ref � ECO2 ;eq;ref
,1000 ½MJth ,kg

�1
CO2

�

Heat Rate (Energy consumption) HRtot ¼
_mNG,LHVNG � Qth �Wel

4:186
_NH2,22:414

½GcalNG ,kNm�3
H2
�
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Ci ¼C0 ,

�
S
S0

�f
,
CEPCI2019
CEPCIyear

(2)

A scaling parameter C0 of a reference equipment of size

S0 is required for calculating the actual erected cost, Ci, for

an equipment of size S. Moreover, a scaling factor f is

employed, which depends on the type of equipment. Infla-

tion is included in the ratio of the Chemical Engineering

Plant Cost Indexes (CEPCI) between 2019 and the year of

estimation of the scaling parameter. The scaling parameters

and factors were taken from literature. For the cases in

which the scaling factor f was not given, the “six-tenth rule”

was considered (i.e. 0.60) [58]. This heuristic gives satisfac-

tory results when the permissible error in the cost estima-

tion is ±20%, which applies in this methodology. Finally, to

convert US dollars to euros, a conversion factor of 0.88 V/$

(May 2020) was used. The relevant information for the TBEC

calculation is presented in Table 5.

The costing of the reactor was done differently due to its

premium constructionmaterial. The cost of 602CA® alloy may

vary from 30 to 40 V/kg. An article from Industrial Heating

magazine reported an approximate value of 20.85 $/lb (i.e. 46

$/kg) [65]. A value of 40 V/kg was used in the cost estimation.

The total weight of the vessel depends on its thickness. The

thickness of the vessel for a design pressure of 15 bar and

1200 �Cwas determined as proposed by Ulrich and Vasudevan

[66]. The total weight of metal needed for the reactor was then

calculated and material price was applied to obtain the ma-

terial costs. A correlation found in Walas [67] was chosen for

calculating purchased costs for vertical vessels. The
CCA

�
V

tCO2

�
¼ ½ðCCF,TOCÞCCS � ðCCF,TOCÞ� þ �

CO&M;fixed;CCS � CO&M;fixed

�þ�
_mCO2 ;emitted � _mCO2 ;emittedaft
purchased costs were given for 1985, and these were updated

to 2019 by using the ratio between CEPCIs.

Fixed and variable operating & maintenance costs (CO&M,fixed/
CO&M,variable)
The CO&M,fixed and CO&M,variable are themajor components of the

total operating expenditures (OPEX). On the one hand, the

CO&M,fixed is a non-temporal cost and it depends on the TOC. On

the other hand, the CO&M,variable is time-dependent because it is

affected by the capacity factor of the plant. Carbon production

is included as revenue, which is expressed by a minus sign.

Table 6 presents the operating costs considered for the

process.

Levelized cost of hydrogen & cost of CO2 avoided
The so-called levelized cost of hydrogen (LCOH) is the final

value after the techno-economic assessment for hydrogen

production plants. It is assumed that the LCOH is constant

over the plant lifetime [56]. The cost of CO2 avoided (CCA)

determines how much money is required to invest per unit

mass of CO2 captured for the implementation of a CCS unit,

excluding transportation and storage costs. The equations for

calculating both LCOH and CCA are given in Eqs. (3) and (4),

respectively.

LCOH

"
V

kgH2

#
¼ðCCF,TOCÞ þ CO&M;fixed þ

�
CO&M;variable,heq

�
H2;prod,heq

(3)

where:
��
CO&M;variable,heq

�
CCS

� �
CO&M;variable,heq

��
erCCS

�
,heq

(4)
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Table 4 e TOC calculation methodology (adapted from
[57]).

Plant Component Costs

Total Bare Erected Costs (TBEC) C1 þ C2 þ C3 þ C4 þ … þ Cn

Direct costs as percentage of the TBEC:

Piping/valves, Civil works, Instrumentation,

Steel-Structure, Erection, etc.

Total Installation Costs (TIC) 80% TBEC

Total Direct Plant Costs (TDPC) TBEC þ TIC

Indirect Costs (IC) 14% TDPC

Engineering, Procurement and

Construction Cost (EPCC)

TDPC þ IC

Contingencies & Owner's
Costs (C&OC)

Contingency 10% EPCC

Owner's cost 5% EPCC

Total C&OC 15% EPCC

Total Overnight Costs (TOC) EPCC þ C&OC
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TOC: total overnight costs [V];

CCF: first year capital charge factor [year�1];

CO&M;fixed: fixed, operating and maintenance costs

[V.year�1]; H2,prod: production of hydrogen [kg.h�1];

CO&M;variable: variable, operating and maintenance costs

[V.h�1]; heq: Equivalent working hours [h.year�1];

The CCF refers to the finance structure considered for the

estimation. There are two types of finance frameworks:

Investor-Owned Utility (IOU) and Independent Power Pro-

ducer Developer/Owner (IPP). These could be individually

considered with low or high risk. IPP was chosen with a low

risk assessment, meaning that the CCF value is 0.149 year�1,

as indicated in the DOE-NETL report [56]. The equivalent

working hours were assumed to be 7884 h year�1, which im-

plies that the process works continuously 90% of the year, and

the remaining 10% is directed to maintenance, renovation of

the molten metal or scheduled shutdowns.
Results & discussions

Methane pyrolysis with and without molten gallium

The thermal cracking of methane was validated experimen-

tally using molten gallium in a quartz reactor with a
Table 5 e Referenced parameters for the cost estimation of the

Equipment Scaling Parameter S0

Air blower Power (MWe) 1

Burner Vessel volume (m3) 81.3

Centrifugal Pump Power (kW) 197

CO2 compressor Compressor power (MWe) 13

Electric Arc Furnace Net electric power (MWe) 175

H2 compressor Compressor power (MWe) 1

Heat Exchanger Duty (MMBTU/h) 659.9

MEA CCS Technology CO2 captured flow (kg/s) 38.4

PSA Unit Purge gas flow (kmol/s) 0.294

Steam turbine & condenser Turbine gross power (MWe) 136

Solex® Heat Exchanger Solids Capacity (t/h) 1195
microporous distributor. Carbon was deposited on top of the

moltenmetal's surface, and its segregation from the gas phase

was gradually improved as more gallium was added to the

reactor. For the experiments using empty reactors, the gas

residence time was estimated to be 13-10 s for the tempera-

ture range 900e1100 �C. After experimentation, considerable

amounts of solid carbon were found on the reactor walls.

Same observation was found at the upper part of the reactor

when using molten gallium. This suggests that either gas-

phase thermal cracking occurred after the unconverted

methane left the molten metal, or a portion of carbon

deposited on the metal surface was dragged by the gas and

accumulated on the walls, or a combination of the two.

However, the amount of carbon was significantly lower than

that for empty reactors and clogging of the outlet pipes by

carbon deposition did not occur. This allowed operation times

higher than 40 min, which was the maximum achievable for

the empty reactors (blank experiments). The conversion of

methane as a function of the average reaction temperature for

the blank experiments and those with molten gallium are

presented in Fig. 5. Moreover, images taken from the top view

of the reactor, before and after pyrolysis for the experiments

with molten metal were included.

As seen in Fig. 5, relatively high conversions were achieved

by the increase in temperature for all experiments. Never-

theless, the actual conversion values were significantly lower

than those at equilibrium conditions (see Fig. 1). Temperature

maldistributions along the height of the reactor were gener-

ally found in the experiments. The biggest differences in

temperatures were registered after 1050 �C, with values

differing from one another approximately 30e35 �C. The high

operating temperatures and the lack of perfect isolation of the

experimental setup are responsible for these variations.

Nevertheless, the temperature inside the reactor was not

constant, hampering a correct estimation for the actual

cracking temperature. Moreover, quartz does not transfer

heat as effective as metals. This lack of temperature homo-

geneity also affected the achieved conversions. This rapid

fluctuation was seen despite being the thermocouples only

separated by 16 cm. Regarding the blank experiments, a

minimum methane conversion of 36% is achieved at the

lowest investigated temperature (932 �C), however this con-

version value is almost doubled by a temperature increase of

only 10 �C, which suggests that the reaction was not fully

performed for this data point. For the set of experiments with
TBEC (CEPCI2019 ¼ 607.5).

C0 (MV) f Cost Year CEPCI Year Ref.

0.23 0.67 2006 499.6 [59]

0.16 0.60 2016 541.7 [4]

0.12 0.67 2009 521.9 [60]

9.95 0.67 2011 585.7 [57]

44 0.60 2016 541.7 [4]

0.0012 0.82 1987 323.8 [61]

10.84 0.60 2006 499.6 [62]

28.95 0.80 2011 585.7 [57]

6.25 0.74 2002 395.6 [63]

52.1 0.67 2002 395.6 [63]

9.06 0.60 2016 541.7 [64]
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Fig. 5 e Evolution of methane conversion with reactor temperatures, for blank and gallium experiments. Images taken from

the top-view of the reactor before and after the cracking reaction.
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gallium, the tL in our reactor was calculated following the

same approach as proposed by Andreini et al. [36], for gas

bubble velocity determination under laminar flow conditions

in molten metals. The average residence time of the bubbles

in the molten metal was 0.25 and 0.65 s for the 14% and 43%

gallium filling experiments, respectively. The experiments

with 14% of gallium filling yielded conversions in the order of

69e74% at the temperature interval 960e995 �C. As a result, a

high amount of carbon was deposited at the top of the molten

gallium, as shown in Fig. 5. Concerning the experiments with

43% of gallium filling, which is more than 3 times higher than

the latter, more than 80% of the fedmethane is converted into

hydrogen above 1000 �C. Reaction temperatures higher than

1050 �C were only achieved for this set of experiments. This is

explained due to the high heat storage capability of gallium,

which ensures a more homogeneous temperature profile for

the reaction. As a consequence, less fluctuations in the

registered temperatures are found because less heat is dissi-

pated away from the reactor, resulting in higher conversions.

The highest methane conversion of the study (91%) was

reached at a temperature of 1119 �C. The temperature ho-

mogeneity improves the conversion of the latter around
Table 6 e Assumptions for the calculation of CO&M, fixed and CO&

CO&M,fixed Cost

Labor costs 1.50

Maintenance cost 2.50

Insurance 2.00

CO&M,variable Cost

Natural gas 0.425

Cooling water 0.35

Process water 2.00

Electricity 76.36

Gallium Metal (Rotterdam, 2020) 141

Carbon Tax 50

Carbon black (USA, mid-2018) - 296
2e10%, highlighting the importance of a suitable temperature

control at the industrial scale concept thatmust be followed in

order to not lose productivity. After pyrolysis, the stratifica-

tion of different carbon layers on top of the molten metal was

clearly visible. This provides useful insights of how this pro-

cess might behave at industrial scale and how carbon should

therefore be separated from the molten media. Regarding the

comparison with empty reactors, similar methane conver-

sions were achieved when gallium was used. However, the

residence time of the gas in blank experiments was in the

order of 10e13 s whereas the mean gas residence time in the

metal was below 1 s for all cases. This suggests that gallium

may present catalytic properties for methane pyrolysis, be-

sides providing enhanced temperature homogeneity inside

the reactor. However, this requires further investigation

before validation. A comparison in performance between the

previously mentioned LMBCR works and our reactor concept

is presented in Table 7.

Concerning the type of gas distributor, higher methane

conversions were achieved by using a quartz microporous

plate than for the ones which distribute the gas through a

single orifice. The tL values for the reactors with 0.5- and 1-
M,variable.

Units References

MV [55,68]

% TOC [55,68]

% TOC [55,68]

Units References

V/kgNG,LHV [55]

V/m3 [55,57,69]

V/m3 [55,69]

V/MW.h [55]

V/kg [70]

V/tCO2,emitted

V/t [71]
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Table 7 e Performance of our reactor concept with respect to previous works concerning LMBCRs.

Source Bubbles generator MM tL (s) Temperature (�C) CH4 Conversion (%)

Serban et al. [10] MOTT® 0.5 mm porous distributor Tin 0.5e0.3 750 51

Plevan et al. [32] 1 mm orifice Tin 2.7e1.7 900 18

Geibler et al. [33] 0.5 mm orifice Tin 4.9e3.2 1000 32

This work DURAN® 0.2 mm porous distributor Gallium Gallium 0.3e0.2 960e995 69e74

0.8e0.5 936e1119 61e91
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mm orifices (4 and 2 s, respectively) were significantly higher

than determined in this work, with average values of 0.3 and

0.7 s at 14% and 43% gallium fillings, respectively, although

this did not translate into higher conversions. The enhanced

performance of our reactor concept is due to the high gas-

liquid interfacial areas achieved by the porous distributor,

which is the key parameter in bubble columns. However,

comparing the LMBCRs which use porous gas distributors,

different conversions were achieved at similar values of tL.

One reason is the difference in reaction temperatures. The

higher the reaction temperature, the higher the intrinsic ki-

netics. A second reason is the use of an inert to the feed.

Serban et al. [10] achieved 51% conversion with pure tin at

750 �C without inerts present in the feed, whereas our molten

gallium reactor achieved 91% of methane conversion at

1119 �C using a diluted feed with Argon. The use of an inert

reduces the partial pressure of methane for the reaction, and

the equilibrium is shifted towards hydrogen production

following Le Châtelier's principle. To sum up, methane py-

rolysis was satisfactory in this work mainly due to the use of

gallium, which ensured good temperature distribution and

plausible catalytic properties for the reaction; and the use of a

porous plate for efficient bubble distribution which allowed

high surface areas for the cracking reaction.

Carbon quality assessment

Raman spectroscopy
In order to determine the type of carbonaceous material, a

comparison of two Raman spectra was made. The first one

corresponded to that for the carbon samples of this work,

whereas the second one corresponded to the Raman spectra

which is similar to the one for the samples. This similar

spectra was found for carbon black, and it was taken from the
Fig. 6 e Raman Spectra for (a) carbon sam
work done by Bokobza et al. [72]. Both spectra are presented in

Fig. 6.

Two characteristic peaks were observed in both spectra

within the Raman shift range of 1300e1600 cm�1 reported in

Fig. 6. These peaks were found at 1340 and 1581 cm�1,

respectively. In fact, the 1340 cm�1 peak belongs to the so-

called diamond band (D), whereas the peak at 1581 cm�1

shows the graphite band (G). The D band generally accounts

for structural defects, meaning that a high intensity of this

band shows an irregular carbon structure. For example, this

band is very weak for high-quality graphene, which is a highly

ordered material with low number of defects. The ratio of

intensity between the D and G bands gives an indication about

the defects present on the carbon structure [73]. The D/G in-

tensity ratio for the carbon samples was 1.02, fairly similar to

the 1.16 registered by Bokobza et al. [72]. This means that the

structure is highly disordered, which does not correspond to

graphene, but to a more amorphous structure, such as carbon

black (CB). Both figures match at great extent and therefore it

is concluded that the obtained carbon from the pyrolysis re-

action is carbon black, which is a valuablematerial withmany

applications in the rubber tire industry [16].

BET surface area
Four different carbon powders, according to their formation

temperature, were analyzed in order to determine the effect of

temperature on the BET surface area and mean pore size. The

results are presented in Table 8.

In Table 8 it is remarkable the low BET surface area values

of the carbon black samples for all the range of formation

temperatures. All surface areas were below 5 m2/g, indepen-

dent from the considered formation temperatures, which is a

value 16 times lower than that for average carbon black

(60e80 m2/g). This can be explained by the rapid formation of
ples (b) carbon black (taken from [72]).
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Table 8 e BET surface areas and mean pore sizes of the
carbon samples at different formation temperatures.

Carbon
Powder

BET Surface Area (m2/
g)

Mean Pore Size
(nm)

950 �C 3.58 6.91

1000 �C 2.92 6.79

1030 �C 3.35 6.88
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this carbon in the reactor. Geibler et al. [33] also determined

BET surface areas that were lower than the average, with

values ranging from 8 to 23 m2/g. Furthermore, other authors

reported that carbon black, produced at 10 s of residence time

and temperatures 1200e1350 �C, presented a BET surface area

of 8 m2/g [74]. It is concluded that carbon produced by

methane pyrolysis possesses no catalytic properties and

cannot be sold as activated carbon or similar materials. The

produced material can be characterized as non-adsorptive,

nanoporous carbon black and will be used in the cost anal-

ysis for the next sections.
Thermodynamic assessment of the case scenarios for the
industrial process

The thermodynamic assessment of the considered cases for

the thermal decomposition of natural gas (TDNG), was per-

formed and compared with the one made by Spallina et al.

[55], who made the assessment of the SMR process with and

without CCS technology. To compare the different technolo-

gies, the same H2 production capacity reported in said work

was selected for the TDNG plants. The results are presented in

Table 9.

In Table 9, a wide range of information is found for the

technologies concerning process specifications, electricity

demands, and efficiency studies of H2, NG and CO2 for each

plant, in order to assess their global performance. Regarding

process input specifications, it is noticeable that all TDNG

cases require more NG than that of the benchmark technol-

ogy. This is because the theoretical global production is 4

molH2/molNG for SMR, whereas the maximum for methane

pyrolysis is only half of it. Although cases 1, 3 and 4 require the

same NG input for the reactor, case 3 requires an additional

input of NG to be used as fuel for the burner. Case 2 demands

the highest amount of NG due to the partial use of H2 as energy

source for the reactor, implying more NG in the feed to meet

the H2 capacity. In fact, the amount of NG needed in case 2

(7.31 kg/s) is almost three times the amount of SMR, implying

higher operating costs.

In terms of power demands, the amount required by the

H2 compressors for cases 1e3 is significantly higher than

that for SMR, due to the fact that hydrogen is produced at

10 bar, instead of 32 bar as in SMR. In Case 4, the electric arc

furnace has the biggest power demands (15.85 MWe),

requiring nearly 4 times more than that to compress

hydrogen. Regarding the CCS scenarios, power demands for

CO2 compression in cases 1 and 3 are lower than that for the

benchmark with CO2 capture. This is due to the fact that the
amount of CO2 produced by the combustion of carbon black

or natural gas is not as high as the amount produced in the

benchmark process, highlighting the benefit of producing

hydrogen from TDNG. Steam is not exported in the TDNG

cases because is completely used for in-situ electricity

supply to the process. For TDNG cases 1 to 3, this supply is

sufficient, and the remaining part can be exported, however

for case 4 an additional amount needs to be purchased from

the general electricity grid, due to the high demands of the

furnace.

Regarding the plant indexes, the lowest equivalent H2

production efficiency is found in Case 2 (30%), because it

requires the highest NG input of all considered plants.

Conversely, the highest efficiency is found in SMR without

CCS, because the H2 yield is also the highest one of all pro-

cesses, with 2.49 molH2/mol,eq,CH4. In addition, the equiva-

lent heat rate consumptions of the benchmark with and

without capture (<43 Gcal/tH2) are lower than those for the

TDNG cases, because the equivalent amounts of NG to be fed

into the process are also the lowest. The heat rate values for

the TDNG are sensitively higher, and naturally the highest is

found for the process with the highest NG demand for the

pyrolysis (Case 2), whereas the lowest value is found in Case

4 (54.2 Gcal/tH2). In contrast, the benchmark is last in line

when it comes to the abatement of CO2 emissions.

Comparing the processes without CCS, SMR emits nearly

twice as much CO2 as cases 1 and 3. Equivalent net CO2

emissions are negative when burning hydrogen or using

electricity to supply heat to the reactor, implying a direct

benefit to the environment. In Case 4, CO2 is emitted in these

cases by the combustion of the off-gas stream of the PSA

unit for hydrogen purification, but also important amounts

of power are produced, resulting in a net negative carbon

footprint. Concerning the CCS scenarios, again the SMR is

less efficient in terms of CO2 avoided (79%), behind the TDNG

cases with capture efficiencies over 90%. Finally, the

SPECCAeq index refers to the same process with and without

capture and is strongly affected by the loss in H2 efficiency

when implementing the CCS technology in the process. For

the TDNG cases, this efficiency loss is not as high as that for

SMR, resulting in a lower SPECCAeq value, meaning that the

energy requirements to capture CO2 are also lower. To sum

up, case 2 is the best scenario in terms of CO2 abatement, but

the worst one when referring to hydrogen efficiency, NG

input or Heat Rate values. Cases 1, 3 and 4 are in between in

terms of productivity, efficiency and CO2 capture. A techno-

economic assessment of the cases is thus necessary to

determine the competitiveness of these TDNG processes

with respect to the benchmark.

Techno-economic assessment

The results of the techno-economic assessment for all TDNG

cases, and the ones obtained by Spallina et al. [55] for the

benchmark processes, are presented in Table 10. The base

case consisted of a NG price of 0.425 V/kg, a carbon sale price

of 296 V/t, a carbon tax of 50 V/tCO2 and an electricity price of

76.36 V/MW.h. Moreover, the lifetime of gallium was set to 1

year, based on the fact that gallium is highly stable, and it is

not expected to be consumed or wasted during the process.
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Table 9 e Thermodynamic performance of the scenarios and comparison with the benchmark process.

Process Benchmark: SMR
[55]

TDNG: Case 1 TDNG: Case 2 TDNG: Case 3 TDNG: Case 4

CO2 Capture N/A CA-MDEA N/A CA-MEA N/A N/A CA-MEA N/A

Tref [�C]/Pref [bar] 890/32 890/32 1200/10 1200/10 1200/10 1200/10 1200/10 1200/10

NG flow rate [kg/s] 2.62 2.81 3.86 3.86 7.31 5.33 5.33 3.86

NG thermal input [MWLHV,NG] 121.94 130.79 179.55 179.55 339.72 247.88 247.88 179.55

Steam-to-carbon ratio (SC) 2.7 4.0 0.0 0.0 0.0 0.0 0.0 0.0

H2 mass flow rate [kg/s] 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75

Power breakdown and plant indexes

Air blower [MWel] �0.68 �0.91 �0.32 �0.32 �0.68 �0.60 �0.60 �0.13

H2 compressors [MWel] �2.27 �2.28 �4.21 �4.21 �4.21 �4.21 �4.21 �4.21

CO2 compressors [MWel] �2.23 �1.61 �1.91

Steam Turbine (s) [MWel] 3.27 3.79 10.93 10.93 27.55 19.39 19.39 10.96

Pumps [MWel] �0.21 �0.29 �0.07 �0.07 �0.18 �0.12 �0.12 �0.07

Other Auxiliaries [MWel] �0.05 �0.15 �15.85

Net electric power [MWel] 0.07 �2.07 6.33 4.72 22.48 14.46 12.56 �9.30

Steam export (160 �C, 6 bar) [kg/s] 4.02 0.27

H2 efficiency, hH2 (H2LHV/NGLHV) 0.74 0.69 0.50 0.50 0.27 0.36 0.36 0.50

Eq. NG input, mNG,eq [kg/s] 2.41 2.88 3.63 3.69 6.48 4.80 4.58 3.52

H2 yield (molH2/mol,eq,CH4) 2.49 2.48 1.65 1.63 0.93 1.25 1.23 1.71

Eq. H2 efficiency, hH2,eq (H2LHV/NGLHV) 0.81 0.67 0.54 0.53 0.30 0.40 0.40 0.55

Heat Rate [Gcal/tH2] 36.3 42.4 55.1 55.7 101 74.3 74.9 54.2

CO2 spec. emissions, ECO2 [kgCO2/kgH2] 9.18 1.57 5.26 0.45 1.46 6.16 0.56 1.01

Eq. CO2 spec. emissions, ECO2,eq [kgCO2/kgH2] 8.51 1.79 4.37 �0.11 �1.46 4.37 �1.01 �0.22

Eq. CO2 avoided [%]

(ref. ¼ SMR w/o CCS) 79 49 101 117 49 112 103

(ref. ¼ Case w/o CCS) 103 123

SPECCAeq [MJ/kgCO2]

(ref. ¼ SMR w/o CCS) 4.57

(ref. ¼ Case w/o CCS) 0.94 0.23
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The carbon tax used for the TDNG cases was also applied for

the SMR processes, implying higher LCOH values than those

reported by the above-mentioned authors, because they did

not consider any penalty for emitting CO2 from their plants.

Considering the TBEC, it is evident that for the TDNG cases the

major costs are caused by the equipment needed for power

production and heat integration, accounting for 60e85% of the

TBEC. This distribution differs from the SMR process, wherein

the reformer, WGS reactor and PSA unit account for almost

50% of the TBEC. For instance, the steam turbine in Case 2

represents almost 60% of the capital costs. In Case 4, the cost

of the electric arc furnace represents more than 25% of the

TBEC, and this equipment is more expensive than all the

required heat exchangers together. Moreover, hydrogen

compressors represent an average value of 7%, mainly due to

the high-pressure specifications for the final H2 product

(150 bar). In the TDNG cases with carbon capture, extra costs

are coming from CO2 compressors (5e7%) and the CCS tech-

nology (11e12%), the latter being half of the share of the

equivalent CCS technology for the SMR process. The reactor

and burner represent less than 4% for all cases, since they are

merely process vessels.

The (TOC x CCF) and CO&M,fixed are slightly lower for the

TDNG cases than those for the benchmark processes. Specif-

ically, these two values are within the range 10.60e16.64 and

4.70e6.52 MV/year for the TDNG cases, respectively. For SMR

with and without CCS, (TOC x CCF) values are 21.70 and

14.15MV/year; whereas CO&M,fixed values are 9.75 and 6.60MV/
year, respectively. The low CO2 production and high hydrogen

purity achieved by the TDNG processes decrease the TOC, as

much smaller equipment is needed for the capture and sep-

aration steps. Regarding the variable costs, the differences are

much higher. The higher equivalent hydrogen efficiencies

achieved by the SMR processes require the lowest NG inputs,

implying that around 31e34 MV in NG would be spent yearly

for this concept. When comparing these costs with Cases 1

and 4, which use the lowest NG inputs, the yearly cost is

nearly 13 MV more; and for Cases 3 and 2, these costs are

almost doubled and tripled, respectively. Another major

expense is the moltenmetal acquisition. For a molten gallium

lifetime of 1 year, 12e25 MV would be spent in this concept,

representing 20e25% of the total variable operating costs. This

increment clearly demonstrates that, in terms of hydrogen

yield, TDNG processes cannot merely compete with SMR. Co-

product carbonmust be sold in order tomake TDNG processes

economically feasible. Concerning carbon tax, SMR is clearly

affected by this penalty. By using 50 V/tCO2, which is an ex-

pected value in the upcoming years due to acute environ-

mental restrictions, the carbon tax in the non-capture process

represents almost one third of the NG yearly costs. This cost is

reduced in the TDNG because the associated CO2 emissions

are sensitively lower, and the final share is not above 7.5% for

all cases. Regarding electricity demands, only Case 4 is clearly

dependent on the general grid price, as the electric arc furnace

requires enormous amounts of electricity in a yearly basis.

Electricity costs are over 8%, whereas for the remaining TDNG
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Table 10 e Cost breakdown of the capital, operating expenses and final LCOH for each case study.

Process SMR Case 1 Case 2 Case 3 Case 4

CO2 capture technologies N/A CA-MDEA N/A CA-MEA N/A N/A CA-MEA N/A

T (�C)/P (bar)/SC (�) 890/32/2.7 890/32/2.7 1200/10/- 1200/10/- 1200/10/- 1200/10/- 1200/10/- 1200/10/-

H2 mass flow rate [kg/s] 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75

Marketable Carbon [t/h] 6.20 6.20 17.94 9.30 9.30 9.30

BEC [MV] (% of TBEC)

Reactors 10.56 (27.3%) 11.11 (18.7%) 0.82 (2.7%) 0.82 (2.2%) 1.65 (3.5%) 0.82 (2.2%) 0.82 (2.1%) 0.82 (1.9%)

Heat Exchangers 14.84 (38.3%) 19.85 (33.4%) 8.31 (27.6%) 8.31 (22.4%) 11.39 (24.1%) 10.38 (26.4%) 10.38 (21.9%) 9.46 (22.1%)

Steam turbine & condenser 3.42 (8.8%) 3.70 (6.3%) 14.78 (49.0%) 14.78 (39.8%) 27.45 (58.0%) 21.70 (55.1%) 21.70 (45.9%) 14.80 (34.5%)

H2 compressors 1.46 (3.8%) 1.38 (2.3%) 2.68 (8.9%) 2.68 (7.2%) 2.68 (5.7%) 2.68 (6.8%) 2.68 (5.7%) 2.68 (6.3%)

PSA unit 8.45 (21.8%) 5.9 (10.0%) 3.16 (10.5%) 3.16 (8.5%) 3.45 (7.3%) 3.16 (8.0%) 3.16 (6.7%) 3.16 (7.4%)

MDEA unit 14.29 (24.1%)

MEA unit 4.47 (12.0%) 5.12 (10.8%)

CO2 compressors 3.12 (5.2%) 2.55 (6.9%) 2.84 (6.0%)

Burner, pumps, air blower 0.41 (1.3%) 0.41 (1.1%) 0.69 (1.5%) 0.60 (1.5%) 0.60 (1.3%) 0.28 (0.7%)

Electric arc furnace 11.68 (27.2%)

TOC x CCF [MV/y] 14.15 21.70 10.60 13.07 16.63 13.83 16.64 15.08

CO&M,fixed [MV/y] 6.60 9.75 4.70 5.45 6.52 5.68 6.52 6.05

CO&M,variable [MV/y]

Water (process þ cooling) 0.63 0.82 2.11 2.11 2.57 2.73 2.73 2.25

Natural Gas 31.67 33.97 46.57 46.57 88.12 64.30 64.30 46.57

Electricity �0.02 1.14 �3.81 �2.84 �13.53 �8.71 �7.56 5.60

Gallium Metal 12.34 12.34 25.65 12.34 12.34 12.34

Carbon Tax 9.86 1.51 5.56 0.53 1.56 6.60 0.63 1.08

Carbon revenues �14.45 �14.45 �41.81 �21.68 �21.68 �21.68

LCOH [V/kgH2]

LCOH, variable 1.91 1.76 2.22 2.08 2.94 2.61 2.38 2.17

LCOH, fixed 0.95 1.60 0.72 0.87 1.09 0.92 1.09 0.99

LCOH, total 2.86 3.36 2.94 2.95 4.03 3.53 3.47 3.16

CCA [V/tCO2]

(ref. ¼ process w/o CCS) 35.94 �8.40 �9.91

Eq. CCA [V/tCO2]

(ref ¼ process w/o CCS) 41.60 �8.92 �10.20
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cases, electricity can be exported, increasing the revenues of

the processes.

Regarding LCOH, the lowest is encountered in the bench-

mark process without capture (2.86 V/kgH2), closely followed

by Case 1 (2.94 V/kgH2) and Case 4 (3.16 V/kgH2). The highest is

reached in Case 2, as consequence of using the highest NG

input of the study. These hydrogen production costs are

higher than those commonly estimated, and this is due to the

economy of scale. Capacities of large-scale commercial plants

for H2 are designed for 100e200 kta H2 production, which is

nearly 5e10 times the plant size considered in this work.

Looking at the CCA, the highest value is found for the SMR

with capture, which is clearly affected by the implementation

of a big, costly CCS technology. Negative values are found in

Cases 1 and 3with capture, whichmeans that the addition of a

CCS plant is not as expensive as to pay for the carbon tax. In

Case 1 without capture, the economics are promising because

the applied carbon tax is almost half the amount for SMR, and

also because the increase in NG input is compensated by the

revenues obtained from the sale of carbon. Costs for transport

and storage of CO2 were not considered, since they do not

depend on the capture technique. However, transport and

storage costs should be included inmore rigorous estimations

for large scale plants, as they may represent 1e4 and 6e13

USD/tCO2, respectively, depending on the power plant distance

to the storage site and the considered storage site [57]. At this
point, it is important to mention that the carbon black sale

price proposed for the study (i.e. 296 V/t) is considered to be a

conservative value, lower than those proposed by Keipi et al.

[75] (500e4000 V/t) and by Muradov and Veziro�glu [12] (1100

V/t). If TDNG technology were to be implemented at large

scale, enormous amounts of carbon black would also be co-

produced, and eventually carbon black prices would

decrease (effects on market prizes have not been taken into

account here). By increasing slightly the carbon sale price,

lower LCOH values are expected for all TDNG cases. To

conclude, Case 1 with and without carbon capture and Case 4

have shown to be economically feasible and can competewith

the benchmark process while being a greener, more sustain-

able alternative for H2 production.

Sensitivity analyses

Several sensitivity analyses were performed for those key

parameters with direct effect on the final LCOH, for all

considered scenarios. The reference LCOH value for each

sensitivity analysis was that for SMR without CCS. The

selected parameters were the NG acquisition price, molten

metal lifetime, the carbon selling price, the carbon tax and the

cost of electricity. The acquisition price for natural gas was

varied from 0.19 to 0.29 and 0.39 V/kgNG, which corresponds

to the actual trend (until 2030) for NG price in USA, Europe and

Japan, respectively [76]. Moreover, a pessimistic scenario of
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Fig. 7 e LCOH of the case scenarios proposed in the sensitivity analyses for a hydrogen capacity of 21 kta.
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0.50V/kgNGwas considered. The lifetimewas varied from 1 to

3 and 5 years, for more optimistic scenarios, and 6 months for

a more pessimistic approach. Furthermore, carbon sale price

was varied in the range 200e400V/t, providing that the quality

of the carbon is high enough to be sold as a sulfur and ash-free

premium substitute for petroleum coke [12]. Finally, carbon

tax was varied from 0 to 100 V/tCO2 and the electricity, from

50 to 100V/MW.h. The results of these sensitivity analyses are

shown in Fig. 7.

The figure shows that there are 4 new LCOH values as a

result of the variation in the NG price. If the NG price drops up

to 0.194 V/kg, all the TDNG cases can produce hydrogen

cheaper than the benchmark technologies. At 0.291 V/kg, all

cases are still competitive excepting Case 2, which is critically

affected by this change of price. At more expensive NG prices,

only Cases 1 and 4 are robust enough to be competitive with

the benchmark processes. This is expected because both cases

required the lowest NG inputs, and their economics are less

affected by a rapid fluctuation of the NG prices. However, Case

4 produces more expensive hydrogen than Case 1, with an

average increase of 0.2 V/kg. The high electricity demands of

Case 4 is responsible for this increment. Regarding molten

metal lifetime, it is also remarkable its effect on the LCOH. For

the least favorable scenario all cases increase their LCOH,with

respect to the lifetime for the base case, around 0.5e0.7

V/kgH2, excepting Case 2 with a rise close to 1.2 V/kgH2. This

high increment is because more gallium would have to be

bought, and in this process the reactor is the biggest one

among the TDNG cases. Thus, Case 2 would never be

competitive under these circumstances. Furthermore, for a

lifetime of 3 and 5 years, lower LCOHs are obtained for Cases 1

and 4 than those for the benchmark processes, which are
unaffected by this property. The sensitivity analysis of the

carbon sale price reflects an interesting insight. By selling the

carbon at the lower bound of 200 V/t, Case 1 with and without

capture produce cheaper hydrogen than that for the bench-

mark with CCS, and Case 4 is competitive under this pessi-

mistic scenario. By doubling the sale price of carbon, all the

technologies are competitive with the benchmark process

with CCS, and Case 2 obtains the biggest reduction in LCOH,

from 4.6 to 3.3 V/kgH2.

Analyzing the carbon tax, it is evident that its absence

benefits the SMR process because it emitsmore CO2. However,

an increase in its value strongly affects the benchmark. In

fact, the LCOH rises from 2.3 to 3.3 V/kgH2 when carbon tax

goes from 0 to 100 V/tCO2. Under this high carbon taxes, Cases

2 and 3 without CCS are not competitive at all due to their

lower H2 efficiencies, even though their CO2 emissions are also

lower than those for SMR. Case 1 without CCS is highly

competitive because of its moderately high hydrogen effi-

ciency and also because it releases almost half of the emis-

sions of SMR. Finally, and regarding the effect of electricity on

LCOH, Cases 2, 3 and 4 are significantly affected by it. This is

logical because Cases 2 and 3 exports high amounts of elec-

tricity, and a reduction of its sale price decreases the revenues

of the plant. For Case 4, the opposite effect occurs because

electricity needs to be imported at lower costs.
Conclusions

Molten metal-based processes for natural gas decomposition

offer the generation of hydrogen with carbon segregation in
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the absence of atmospheric CO2 emissions. In this concept,

pyrolysis of methane was achieved by using molten gallium

inside a quartz bubble columnwith a porous plate distributor.

Amaximummethane conversion of 91%was accomplished in

a 50-50% Ar-CH4 mixture at an average reactor temperature of

1119 �C, where gallium represented 43% of the total reactor

volume. Methane conversion was improved by increasing the

volume of molten metal, minimizing temperature distribu-

tions inside the reactor due to the high heat capacity of gal-

lium. In addition, the catalytic activity of gallium can also play

a role although it needs further validation. Phase segregation

of carbon black from hydrogen was also achieved, validating

the proof-of-concept. The techno-economic assessment

showed that the variable operating costs dominate over the

capital investment, being the acquisition costs of natural gas

and gallium the highest. The sensitivity analyses highlighted

that Cases 1 (partial burnt of carbon) and 4 (use of electricity)

are highly competitive alternatives with the benchmark for

different scenarios, proving their flexibility. An acute increase

in the electricity costs couldmake Case 4 unfeasible, although

current trends suggest cheaper electricity in the future.

Considering high carbon taxes, as consequence of stricter

environmental policies, the best TDNG configurations are thus

Case 1 with capture and Case 4. The replacement of natural

gas for renewable sources seems promising. For instance, the

usage of biomass-based sources has been experimentally

demonstrated and therefore a window for deeper research is

opened. Furthermore, the produced carbon at industrial scale

can be stored in perpetuity as carbon source, in case its de-

mand is lower than its production. However, a new economic

evaluation will be needed in this case to elucidate whether the

technology is still profitable. The use of cheapermetals (e.g. Bi,

Al) is also interesting to compare with the obtained results for

gallium, and tin from literature. Nickel powder might be

placed inside themoltenmetal bath in a slurry bubble column

configuration to improve conversion at lower temperatures.

For effective carbon separation, the use of molten salts is

being tested in the field. Molten salts are inexpensive; thus it is

worth to keep making efforts on this direction.
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