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� Methane steam reforming via direct Joule heating of Rh/Al2O3 washcoated SiSiC foam.

� High space velocities increase H2 productivity and overall energy efficiency.

� A predictive mathematical model shows excellent agreement with the experiments.

� Scale up calculations promise compact eMSR units with high H2 productivities.
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Electrified methane steam reforming (eMSR) is a promising concept for low-carbon

hydrogen production. We investigate an innovative eMSR reactor where SiSiC foams,

coated with Rh/Al2O3 catalyst, act as electrical resistances to generate the reaction heat via

the Joule effect. The novel system was studied at different temperatures, space velocities,

operating pressures and catalyst loadings. Thanks to efficient heating, active catalyst and

optimal substrate geometry, complete methane conversions were observed even at a high

space velocity of 200000 Nl/h/kgcat. A specific energy demand as low as 1.24 kWh/Nm3
H2,

with an unprecedented energy efficiency of 81%, was achieved on a washcoated foam with

catalyst density of 86.3 g/L (GHSV ¼ 150000 Nl/h/kgcat, S/C ¼ 4.1, ambient pressure). A

mathematical model was validated against measured performance indicators and used to

design an intensified eMSR unit for small scale H2 production.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Due to its high versatility as an energy carrier, hydrogen will

play a relevant role to enabling greater penetration of
t (E. Tronconi).

r Ltd on behalf of Hydrogen En

-nd/4.0/).
renewables into the power generation sectors, and in general

towards decarbonization [1,2]. Hydrogen represents a valid

and cleaner alternative to fossil fuels since its use does not

lead to the release of greenhouse gas at the end-use point.

Hydrogen traditionally has been used as feedstocks for oil
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refining and chemical synthesis, such as ammonia and

methanol. The global demand for hydrogen reached the value

of almost 90 Mtons in 2020, mostly devoted to chemical uses,

however the trend shows a constant growth during previous

years, as suggested by International Energy Agency (IEA)

outlook [3].

Methane steam reforming (MSR) is currently the most

widespread process for hydrogen generation and accounts for

more than half of its global production [4,5]. The hydrogen

production is governed by the methane reforming reaction

(Eq. (1)) and water-gas shift reaction (WGS, Eq. (2)) [6,7]. The

process is globally endothermic.

CH4 þH2O #COþ 3H2 DHo
r ¼ 206 kJ

�
mol (1)

COþH2O #CO2 þH2 DHo
r ¼ �41 kJ

�
mol (2)

Industrial-scale MSR is typically operated in multi-tubular

reactors (10e14 m long, ~10 cm in diameter) with high flow

rates, in order to maximize heat transfer between the catalyst

pellets (typically Ni-based catalysts) and the reactor tubes

[2,8]. The process runs at pressures up to 30 bar and temper-

atures in excess of 900�C to favor methane conversion. The

heat of the reaction is provided by fuel combustion, i.e., the

tubes are externally heated by burning an additional amount

of methane and, in some configurations, tail gases. In such

conventional reactor configurations, however, the fuel com-

bustion is responsible for roughly 40% of the CO2 emission of

this process [4,6,9]. Moreover, it is estimated that the indus-

trial MSR process accounts for around 3% of global CO2

emission [10]. Heat transfer limitations of methane steam

reforming have been a subject of research for decades [11e13],

since the process is mainly limited by the heat fluxes that can

be handled without exceeding the maximum operative tem-

perature of the tubes leading to temperature maldistributions

inside the reactor tubes. Significant work has been focused on

the intensification of the process and on its down-scaling.

Two main approaches have been followed in the literature,

i.e., the maximization of the heat transfer surface area thanks

to micro-channel reactors and the maximization of heat

transfer performances thanks to the adoption of conductive

internals. As an example, Ashraf and coworkers reported

experimental testing of a plate-reactor where combustion is

coupled with reforming reactions, enabling a strong process

intensification [14]. Due to the complexity of the steam

reforming process, Pourali and coworkers systematically

worked on modelling parametric analysis to understand the

process performance in hydrogen production by steam

reforming techniques [15e17]. They suggest that the wall

thickness of the microchannel acts as one of the most critical

parameters determining the catalytic activity and system ef-

ficiency [15]. Another approachwas followed by Balzarotti and

co-workers [11,12], where the heat transfer in the MSR tubular

reactor was improved by the use of conductive internals (e.g.,

open-cell foams): according to the authors, this solution

improved the effective heat conductivity allowing for a three-

fold improvement of the performances.

With renewable electricity becoming more accessible, its

exploitation to cover the process heat duty represents a

promising way to address the challenge of decarbonization
[1,18,19]. Electricity can be converted into heat and transferred

to thermally driven chemical reactors [20,21]. Several tech-

nological options have been proposed exploiting different

“power-to-heat” routes [22,23], such as induction heating

[24e27], microwave heating [28e32] as well as Joule heating

[33e38] (also known as resistive heating or Ohmic heating).

Replacing the heat supply in conventional fuel-fired reformers

by electrification is regarded as a promising techno-

economical solution, also by considering the economically

competitive prices for renewable electricity compared with

fossil fuels [39,40]. There are several advantages for electrifi-

cation of MSR process: (i) by replacing the heat suppliers in

conventional fuel-fired reformers with electrification, it is

possible to completely eliminate the CO2 emissions from fuel

combustion [40e43]; (ii) by removing the firebox, the size of

the reformer plant is substantially reduced [41]; (iii) by

bringing the heat supply closer to the catalytic sites could

significantly reduce the heat transfer limitations, which are

the bottleneck of the conventional MSR process, thus leading

to the process intensification and the development of compact

reformer units [41,44]; (iv) in comparison to other technolo-

gies, the theoretical specific power consumption per hydrogen

production is estimated at approx. 1.0 kWh/Nm3
H2 for elec-

trified MSR [45], which is remarkably less than that of water

electrolyzers (3.8e4.5 kWh/Nm3
H2) [45,46].

Different from induction heating or microwave heating,

which involve the conversion of electrical energy to electro-

magnetic energy, Joule heating is in principle the only one that

enables the direct transformation of electrical into thermal

energy. For this reason, an intrinsically higher thermal effi-

ciency can be expected from Joule heating. Moreover, Joule

heating is widely spread in industrial applications, enabling to

reach significant temperature and power densities. For this

reason, it can be easily integrated in existing plants, enabling a

paradigm shift in the design of small-scale reformers.

Recently, Wismann and coworkers proposed an innovative

reactor concept for direct Joule heating of a Ni-catalyst

washcoated FeCrAl-alloy tube for methane steam reforming

[41,47,48]. A methane conversion close to 87% was reported

with outlet temperatures up to 900�C. By replacing fossil fuel

combustion with Joule heating, a CO2 reduction of 20e50%

was achieved when compared with industrial reformers. The

authors also reported that the performance of such a config-

uration with washcoated tubes is mainly controlled by

external diffusion, i.e., gas-solid mass transfer, which calls for

the adoption of tubes with smaller diameters [47], leading

eventually to reactor solutions which are based on either

honeycomb monoliths or micro-channel technologies. As an

alternative solution, electrical resistances (heating wires) can

be inserted into the channels or in the ceramic frame of

honeycomb monolith catalysts [49]. Commercial heating ele-

ments have been used as catalyst supports: they were acti-

vated by washcoating with Ni-based catalysts, and tested in

steam and dry reforming [33,34]. These systems are able to

reach temperatures in excess of 900�C, and conversions up to

100% as reported by Palma and coworkers [33]. However, the

geometry of heating elements is not optimized to be used as a

catalyst support, therefore they are associated with bothmass

transfer limitations and significant bypass that may hinder

their applications. Zhang et al. [32] and Zhou et al. [35] studied
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plate-type alumina supports impregnated with Ni for electri-

fiedmethane steam reforming. Zhou et al. [35] reported a high

methane conversion of 97% at 700�C, but the employed plate

support exhibited a very low hydrothermal stability, i.e., its

surface area decreased to only 36% of the initial value after

hydrothermal treatment at 700�C for 50 h, which limits its

industrialization.

Open-cell foams have been proposed as structured catalyst

substrates thanks to their remarkable heat and mass transfer

coefficients and large surface areas for catalyst deposition

[11e13,50e52]. In this perspective, open-cell foams offer a

continuous solid matrix that ensures electrical continuity,

which enables distributed heat generation inside the reactor

tube and removes the radial heat transfer limitations of con-

ventional reforming [53e55]. For these reasons, a preliminary

numerical study was carried out to investigate the electrically

heated structured catalysts for the electrified methane steam

reforming (eMSR) process [56]. The results suggest that with

the right combination of foam geometry, highly active cata-

lyst, and operating conditions, the system can operate in

highly intensified conditions.

In our previous work, we have experimentally demon-

strated the feasibility of direct Joule heating of SiSiC open-cell

foam structures, washcoated with a thin layer of Rh/Al2O3

catalyst to perform methane steam reforming [44]. In this

work, a systematic studywas carried out to further investigate

the foam-based eMSR system under a variety of operating

conditions in order to better explore the potential of the sys-

tem and validate a previously developed mathematic model

[56]. We have then used the model towards the preliminary

scale-up and design of a compact electrified reformer, in view

of sustainable H2 production. In this context, cylindrical Si-

infiltrated silicon carbide (SiSiC) foams, washcoated with Rh/

Al2O3 catalyst with variable catalyst amounts were prepared.

The SiSiC foams act not only as catalyst supports but also as

the Joule heated resistors, being electrically connected to the

power supply. Different operative parameters such as space

velocity, operative pressure, steam to carbon ratio and cata-

lyst loadings were investigated to assess their impact on the

system performances. The mathematical model previously

developed for eMSR systems based on directly heated sub-

strates [56] was able to predict the input-output behavior of

the reactor. Intensified experiments and preliminary scale up

calculations were carried out aiming at a compact eMSR sys-

tem for distributed hydrogen production.
Materials and methods

Catalyst preparation and SiSiC foam activation

Commercial Si-infiltrated silicon carbide open-cell foams

(Erbicol, CH) with cylindrical geometry (diameter dfoam-

¼ 3.2 cm, length Lfoam ¼ 9.9 cm) were adopted in the present

work [57]. As reported previously [44], the adopted foams have

a cell diameter (dcell) of 3.32mm and a strut diameter (dstrut) of

0.61 mm, a total porosity estimated by ethanol picnometry of

0.88, and a surface to volume ratio evaluated on the bare ge-

ometry (Sv) of 740 m�1 [58]. The bulk foam material was

characterized by X-ray diffraction: the analysis shows that
both Si and SiC phases are present [44]. This limits the possible

reactivity between SiC and water during reaction conditions,

that can lead to detrimental variation of the electrical re-

sistivity during the tests. Thanks to the interconnected ge-

ometry and suitable bulk resistivity of the SiSiC foam, its

direct Joule heating up to relevant temperatures for methane

steam reforming is feasible [44].

The 1% Rh/Al2O3 catalyst powder was prepared by an

incipient wetness impregnation method, using g-Al2O3 pow-

der (Sasol, PURALOX) as morphological support and rhodium

(III) nitrate solution (Rh 10e15% w/w, Alfa Aesar) as rhodium

precursor. The precursor solutionwasmixedwith g-Al2O3 and

the obtained powders were dried in oven at 120�C overnight.

The detailed catalyst synthesis steps are described in our

previous study [44]. In order to catalytically activate the SiSiC

foams, a catalyst slurry was prepared. In general, PVA (poly-

vinyl alcohol, Sigma-Aldrich) was dissolved (0.08:1 w/w with

respect to the powder mass) in deionized water (1.8:1 w/w

with respect to the powdermass) bymagnetic stirring at 85�C.
Subsequently, glycerol (Sigma-Aldrich) was added (1.9:1 w/w

with respect to the powder mass) and the resulting mixture

was stirred until a homogeneous solution was obtained. The

solution was then mixed with catalyst powders and ball-

milled for 24 h (50 rpm). Afterwards, a small amount of

ethanol was added to defoam the slurry.

In order to activate the SiSiC foams for methane steam

reforming, the adopted foams were washcoated with a Rh/

Al2O3 catalyst, which was achieved by dipping the foams in

the previously obtained catalyst slurry, followed by spinning

(1000 rpm for 10 s) to remove the excess material and by flash

drying in oven at 350�C for 5 min [11,44]. Since our experi-

mental setup allows to preheat the water andmethane feed at

200�C, only a portion of the foam (4/5 of the total length) was

catalytically activated. In this way, the initial bare portion of

the foam can be used to heat the gas up to reasonable tem-

peratures to activate the reforming reaction. The coating

procedure steps were repeated several times till the desired

mass of loaded catalyst was reached. The obtained wash-

coated foamswere then subjected to a conditioning treatment

at 500�C for 4 h in flowing N2. In this work, four washcoated

foams were prepared for the purpose of different catalytic

tests. The characteristics of the coated foams such as the

coated portion of the foam length, the catalyst loading, the

coating thickness as well as catalyst density are summarized

in Table 1. The coating thickness was calculated by assuming

a coating density of 1.3 g/cm3 [44,59]. Images of the obtained

washcoated SiSiC foams and the corresponding catalyst

loadings during the multistep coating process are reported in

Supplementary Information, Section S2.

Catalytic tests

Fig. 1 presents the schematic representation of the electrified

methane steam reforming reactor layout, already described in

our previous work [44]. In general, the washcoated SiSiC foam

was placed in a tubular stainless-steel reactor (OD ¼ 5 cm) for

eMSR experiments. A ceramic tube was inserted between the

foam and the stainless-steel tube to avoid electric contact. To

connect the foam with the DC power generator, home-made

electric contactors were adopted, these elements are made

https://doi.org/10.1016/j.ijhydene.2022.12.346
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Table 1 e Properties of the four washcoated SiSiC foams investigated in the present work.

Washcoated foams Coating length
[ratio with foam]

Catalyst loading [g] Coating thickness [mm] Catalyst density
[g/L]a

Catalytic test

Foam A 4/5 2.2 35.0 34.5 Space velocity effect

Foam B 4/5 2.5 39.8 39.3 Pressure study

Foam C 4/5 2.6 41.4 40.9 Low S/C test

Foam D 4/5 5.5 87.5 86.3 Intensification

a Catalyst density referred to the coated zone.

Fig. 1 e Schematic diagram of the electrified methane steam reforming reactor layout. Thermocouple indicates where the

Tdown temperature is measured. The illustration is not to scale.
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of stainless-steel cylindrical plates, provided with some holes

for gas flow andwelded to a¼’ stainless steel pipe. A thin layer

of copper foam (Alantum, pore size 800 mm, 1 mm thickness)

was placed between the SiSiC foam and the electrical con-

tactor to ensure a good electrical contact. Moreover, an

external metallic frame structure built with aluminum bars

and threaded rodswas adopted to apply additional force to the

electrical contactors to counteract their thermal expansion.

The contactors are connected to a power generator (STAMOS,

S-LS-76, Vmax ¼ 30 V, Imax ¼ 50 A), which applies a DC current

to the system. K-type thermocouples, electrically insulated by

ceramic thermowells (dense alumina, dout ¼ 3 mm, din-

¼ 2mm), are placed inside the tube that composes the electric

contactors tomeasure the temperatures at the top and bottom

of the foam.

The gases were fed to the system individually by means of

mass flow controllers (Brooks 5851), while water was fed with

a dosing-evaporation system (Brooks, Quantim QMBC3L). In a

typical experiment, the system was pre-heated in nitrogen

above 500�C, thenwaterwas fed to the system; afterwards, the

flow of nitrogen was switched to methane to start the MSR

reaction. Catalytic tests were performed with a non-diluted

gas feed of CH4 and H2O, with steam to carbon ratio (S/C) of

3 and 4.1, at gas hourly space velocity (GHSV) in the range of

50000e200000 Nl/h/kgcat, and different operating pressures

ranging from 1 to 3 bar. For each test, the target downstream

temperature (Tdown, as shown in Fig. 1) was achieved by
adjusting the input electric voltage. The current output is a

self-adjusted parameter of the circuit, and its measurement

enables the calculation of the input power and of the overall

resistance of the system, including possible contact/wiring

resistances. Downstream the reactor, water was removed

from the products by a condenser working at 2�C and the dry

gas mixture was analyzed using an online micro-GC (Agilent,

900 Micro GC). To enable the use of internal standard, an inert

gas (nitrogen) was directly fed to the analysis section through

a by-pass line. Optimal analytical conditions were obtained by

setting the nitrogen flowrate at 1/3 of the inlet methane

flowrate. For each catalytic test, the catalytic performance, the

electrical behavior as well as the thermal efficiency of the

system were evaluated; the detailed data analysis methods

are described in Supplementary Information, Section S1. The

carbon balance was monitored and was very close to 100% of

the converted carbon during all the eMSR tests.

Mathematical model

The experiments described above were used to validate a

mathematical model of the Joule-heated foam-based unit,

that was developed in our previous work [56]. Details of model

assumptions and equations and of the numerical solution

methods are reported in Supplementary Information (Section S3).

The concept mathematically described by the model

equations is that a perfectly mixed stream of CH4 and water is

https://doi.org/10.1016/j.ijhydene.2022.12.346
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fed to a cylindrical reactor wherein it contacts a catalytically

active and electrically heated solid phase The solid pseudo-

phase accounts for SiSiC foam, coated with a thin catalyst

layer where endothermic steam reforming occurs. Since the

catalyst is in intimate contact with the support, any heat

transfer resistance between the solid phases can be neglected,

convective mechanisms governing the energy and mass

transfer between the flowing gaseous mixture and the solid

pseudo-phase.

A 2D heterogeneous reactor model was adopted to calcu-

late both axial and radial distributions of temperature/con-

centrations in the gas and the solid phase in the presence of

heat losses. For this purpose, both mass and energy balances

(including the Joule heating generation term) were solved,

alongside with the momentum balance to account for the

pressure drop. To account for transport properties in open-cell

foams, correlations previously developed in our group have

been adopted [50,51,60]. A kinetic scheme including methane

steam reforming and the water gas shift reaction was imple-

mented with rate expressions adapted from our previous ki-

netic study of methane steam reforming over the same Rh-

based catalyst in concentrated conditions [13]. In the original

study, intrinsic kinetic parameters were referred to the egg-

shell volume of spherical pellets; since the same carrier,

active phase and Rh content of the active shell layer was

herein replicated in the form of foam-washcoat, the same

intrinsic parameters were incorporated. Diagnostic calcula-

tions based on the estimation of effectiveness factors ruled

out significant internal mass transfer limitations.

Heat losses in the thermal insulation were calculated

consistently with the description provided in our previous

work [56], considering in series the thermal resistance pro-

vided by the thermal insulation layer and the superficial heat

transfer coefficient of the reactor in ambient air. The resulting

sets of PDEs was discretized by centered finite differences in

the axial direction and symmetric orthogonal collocations in

the radial direction. A grid of equi-spaced 81 axial points and 4

radial points assigned in the roots of the Jacobi polynomials

was considered. Matlab solver fsolve with sparse Jacobian

pattern was then used to solve the resulting algebraic system.
Fig. 2 e (a) Tdown temperature and (b) methane conversion as a

reforming at different space velocities. Experimental conditions:

catalyst loading of 2.2 g, feedmixture of CH4 and H2Owith steam

of 50000 Nl/h/kgcat, 100000 Nl/h/kgcat, 150000 Nl/h/kgcat and 200
Results and discussion

Effect of space velocity

Methane steam reforming tests were run at various Tdown

temperatures by controlling the input power, which was

achieved by adjusting the input voltage. Fig. 2(a) shows the

outcome of the measured Tdown temperature with the input

power at different space velocities during eMSR based on

Foam A (c.f. Table 1 and Fig. S1). Tdown temperature exhibited

an almost linear correlation with the input power, which is

consistent with our previous results [44]. As expected, more

input powerwas requiredwith increasing space velocities. For

example, a high input power of 584 W was required to reach a

Tdown temperature of 750�C at 200000 Nl/h/kgcat, whereas only

314 W was necessary to reach the same temperature at 50000

Nl/h/kgcat. For a given space velocity, upon increasing the

input power, the methane conversion grew progressively

(Fig. 2(b)), and full methane conversion was achieved for all

the investigated GHSV values. For the space velocity of 50 000

Nl/h/kgcat, full methane conversion was achieved with an

input power of 216 W and at a Tdown temperature of 650�C,
while at a space velocity of 200000 Nl/h/kgcat a power of 584W

and a Tdown temperature of 700�C were needed to reach the

same conversion.

The measured methane conversion is also plotted as a

function of Tdown temperature in Fig. 3(a). In general, full

conversion was achieved above 700�C for all the investigated

space velocities. It is noted that the experimental conversions

moderately exceeded the equilibrium conversions at low

space velocities; this reveals that the measurement of Tdown

temperature is to some extent lower than the actual outlet

temperature of the foam, that is not in direct contact with the

electrified support and is inserted in a thermowell made of an

electrically and thermally insulating material (Fig. 3(b)). It

should be mentioned that it is challenging to measure the

actual temperature inside the foam due to electric concerns:

this is a common problem in electricity driven reactors

[29,61,62].
function of input power during electrified methane steam

FoamA, 1% Rh/Al2O3 washcoated (4/5) on SiSiC foamwith a

to carbon ratio (S/C) of 4.1, gas hourly space velocity (GHSV)

000 Nl/h/kgcat, ambient pressure.

https://doi.org/10.1016/j.ijhydene.2022.12.346
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Fig. 3 e (a) Methane conversion as a function of Tdown temperature during electrified methane steam reforming at different

space velocities. (b) Schematic representation of the Tdown temperature measurement during proposed electrified methane

steam reforming system. Experimental conditions: Foam A, 1% Rh/Al2O3 washcoated (4/5) on SiSiC foam with a catalyst

loading of 2.2 g, feed mixture of CH4 and H2O with steam to carbon ratio (S/C) of 4.1, ambient pressure and gas hourly space

velocity (GHSV) of 50000 Nl/h/kgcat, 100000 Nl/h/kgcat, 150000 Nl/h/kgcat and 200000 Nl/h/kgcat, ambient pressure.
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The electric behavior of the foam-based eMSR system was

also evaluated and the results are presented in Fig. 4(a). Upon

increasing the input power, both the input voltage and the

current increas about linearly within the investigated condi-

tions (Fig. 4(a)). An electrical resistance in the range of

0.42e0.62 U was estimated based on the input voltage to cur-

rent ratio (Table S1). The electrical resistance slightly

decreased with increasing temperature, in line with the pos-

itive effect of temperature on the electrical resistance of SiC

heating elements reported by Pelissier and cowokers [63], as

well as our previous results [44]. The effective resistivity of the

foam was estimated in the range of 3.4e5 � 10�3 U m, which

according to (Eq. S5) corresponds to an intrinsic resistivity of

the SiSiC material in the range of 1.5e2.2 � 10�4 U m, in line

with the values reported for commercial SiC elements in the

investigated temperature region [63]. Some small oscillations

may be due to the onset of contact resistances.

In designing the heating elements, it is also important to

remind that all materials are characterized by a maximum

dielectric voltage e higher values may lead to spontaneous
Fig. 4 e (a) Input voltage and current as a function of input pow

power density during electrifiedmethane steam reforming. Expe

on SiSiC foamwith a catalyst loading of 2.2 g, feed mixture of CH

space velocity (GHSV) of 50000 Nl/h/kgcat, 100000 Nl/h/kgcat, 150
electric discharges in the material. The maximum current

density that can be carried by the element should be carefully

checked when designing such systems.

Fig. 4(b) shows values of electric field (V/m) and current

density (A/m2) as a function of power density (MW/m3). It is

possible to note that the investigated system operates with

input power densities in the range of 2.5e7.4 MW/m3. This is

comparable to conventional industrial scale fired reformer

tubes, which are typically operated up to 7.5 MW/m3 [64].

Electric field and current densities are of great interest for

tentative sizing of scaled-up units with the same foams (ma-

terial, porosity). They both increase approximately linearly

with power density. The highest electric field of 163.2 V/m and

the highest current density of about 45000 A/m2 were ach-

ieved with the power density of 7.4 MW/m3.

Fig. 5 (a) shows the H2 productivity as a function of Tdown

temperature taken from eMSR tests performed at various

operating space velocities. The H2 productivity was calculated

based on the measured H2 yield and considering a WGS unit

operating at T ¼ 200�C downstream the eMSR to increase the
er and (b) electric field and current density as a function of

rimental conditions: Foam A, 1% Rh/Al2O3 washcoated (4/5)

4 and H2O with steam to carbon ratio (S/C) of 4.1, gas hourly

000 Nl/h/kgcat and 200000 Nl/h/kgcat, ambient pressure.

https://doi.org/10.1016/j.ijhydene.2022.12.346
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Fig. 5 e (a) Hydrogen productivity and (b) specific energy demand for hydrogen production as a function of Tdown

temperature during electrified methane steam reforming runs at different space velocities. Hydrogen yield is calculated

considering complete water-gas shift reaction, i.e. assuming that CO is fully converted to CO2. Experimental conditions:

Foam A, 1% Rh/Al2O3 washcoated (4/5) on SiSiC foam with a catalyst loading of 2.2 g, feed mixture of CH4 and H2O with

steam to carbon ratio (S/C) of 4.1, gas hourly space velocity (GHSV) of 50000 Nl/h/kgcat, 100000 Nl/h/kgcat, 150000 Nl/h/kgcat
and 200000 Nl/h/kgcat, ambient pressure.
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H2 productivity and convert almost completely CO to CO2,

which can be easily separated from the gaseous stream. The

corresponding results for hydrogen productivity and specific

energy for hydrogen production considering the composition

measured at the out of the reactor are presented in Fig. S5.

The obtained results show that hydrogen productivity

increased almost linearly with the space velocity, since the

system was operated close to thermodynamic equilibrium.

The foam-based eMSR system achieved a hydrogen produc-

tivity over 150000 Nl/kgcat/h, which is much higher than that

of conventional steam reformers [4]. However, it worth to note

that this system uses a washcoated Rh catalyst, which allows

a much higher effectiveness factor than conventional pellet

catalysts. Fig. 5 (b) shows the specific energy for hydrogen

production as a function of Tdown temperature. The specific

energy consumption decreased with increasing space
Fig. 6 e (a) Energy efficiency and (b) power loss as a function of

reforming at different space velocities. Experimental conditions:

catalyst loading of 2.2 g, feedmixture of CH4 and H2Owith steam

of 50000 Nl/h/kgcat, 100000 Nl/h/kgcat, 150000 Nl/h/kgcat and 200
velocity. The lowest value of 1.57 kWh/Nm3
H2 was achieved at

GHSV ¼ 200000 Nl/h/kgcat. This is significantly lower

compared to the values reported for water electrolyzers

(3.8e4.5 kWh/Nm3
H2) [45,46].

The energy efficiency (h) of the system, defined as the ratio

between the enthalpy gain Q (Eq. (3)) and the electric power

input P, is thus limited by the power losses (Ploss) of the system

(Eq.s 4 and 5), and is plotted against Tdown in Fig. 6(a).

Q ¼ _Hout � _Hin (3)

Ploss ¼ P� Q (4)

h ¼ Q=P ¼ 1� Ploss =Q (5)

where _Hin and _Hout are the enthalpy flows of the gas mixtures

at inlet and outlet of the reactor, respectively.
Tdown temperature during electrified methane steam

FoamA, 1% Rh/Al2O3 washcoated (4/5) on SiSiC foamwith a

to carbon ratio (S/C) of 4.1, gas hourly space velocity (GHSV)

000 Nl/h/kgcat, ambient pressure.
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The energy efficiency markedly increased with increasing

space velocity, i.e. with the inlet flow rate, achieving the

highest value of approx. 70% at GHSV¼ 200000 Nl/h/kgcat. This

is due to the fact that the input power markedly increased

with GHSV (Fig. 2), while, as illustrated in Fig. 6(b) and in line

with our previous results [44], power losses, (Eq. (5)), instead

grew almost linearly with the reactor temperature and were

independent of the space velocity. This indicates that heat

dissipation out of the reactor walls in eMSR was mainly

responsible for energy losses. In fact, the ohmic losses in the

wiring are linear with the input power and were estimated to

be approx only 3% of the total loss [56].

Overall, the enthalpy gain increased with increasing space

velocity, while the heat dissipation practically kept the same

at a given reactor temperature. Therefore, the energy effi-

ciency grew with the operating space velocity, resulting in

lower values of the specific energy consumption. This in-

dicates that much higher efficiency could be achieved by

scaling up the system, as investigated by mathematical

modelling in the following Section on Scale-up

considerations.

Effect of pressure

The operating pressure is one of the crucial parameters for

methane steam reforming. The global reaction is character-

ized by an increasing number of moles, therefore, equilibrium

conversion decreases with increasing operative pressure, ac-

cording to the Le Chatelier principle [65,66]. Kinetics of MSR

over Rh catalyst are instead considered to be pseudo first-

order, therefore they are beneficially affected by the pres-

sure. Industrial MSR processes typically operate at pressures

up to 30 bar, and this requires temperatures higher than 900�C
to achieve high CH4 conversion [67]. Such a choice is justified

by economic reasons [68,69]. In fact, by operating under

pressure, the productivity per volume of the reactor increases,

furthermore less energy for compression is required if the

final H2 is utilized for high pressure applications, such as
Fig. 7 e Comparison of methane conversion during pressure ex

GHSV¼ 100000 Nl/h/kgcat and (b) GHSV¼ 200000 Nl/h/kgcat. Exp

on SiSiC foamwith a catalyst loading of 2.5 g, feed mixture of CH

space velocity (GHSV) of 100000 Nl/h/kgcat and 200000 Nl/h/kgca
ammonia synthesis [67,68]. Pressure for small scale steam

reforming applications, e.g. biogas reforming, H2 production

for combined heat and power (CHP) applications, is typically

lower, from atmospheric to 8e10 bar [70]. The tradeoff be-

tween equipment cost, operative temperature (material cost)

and H2 separation technology drives the choice of operating in

these conditions. The effect of pressure on the thermody-

namic H2 cold gas efficiency has been reported in our previous

work [56], showing that operating at lower pressure maxi-

mizes H2 yield and the energy effectively conveyed in it at

fixed temperature.

Another catalyst washcoated SiSiC foam, i.e. Foam B, was

prepared to study the pressure effect on the foam-based eMSR

system. Similar to Foam A, 4/5 of Foam B was washcoated

with a catalyst loading of 2.5 g (Fig. S2). This corresponds to a

catalyst thickness of 39.8 mm and a coating density of 39.3 g/L

(Table 1).

The pressure study was carried out at two space velocities

of 100000 Nl/h/kgcat and 200000 Nl/h/kgcat, for each feed con-

dition the operating pressures of 1 bar, 2 bar and 3 bar were

investigated at Tdown temperature of 650 �C and 700 �C. Fig. 7
shows the measured methane conversion as a function of

Tdown temperature. At ambient pressure with GHSV of 100000

Nl/h/kgcat, methane conversions of 96% and 98.5% were ach-

ieved at a Tdown temperature of 650�C and 700�C, respectively
(Fig. 7(a)). These values are comparable to those obtained on

Foam A in the corresponding conditions, indicating a good

reproducibility of the experiments. Operating the system at

higher pressures leads to a progressive decrease in methane

conversion, with only 88% and 95% observed at 3 bar for 650�C
and 700�C, respectively. A similar trendwas noticed aswell for

high space velocity conditions (GHSV ¼ 200000 Nl/h/kgcat,

Fig. 7(b)). These results show a systematic negative effect of

the pressure on themethane conversion for all the conditions.

The methane conversions were also compared to the ther-

modynamic equilibrium conversions and the results are

shown in Fig. S6. A slight overshoot of the experimental re-

sults beyond the equilibrium conversion was noticed,
periments at Tdown temperature of 650�C and 700�C: (a)
erimental conditions: Foam B, 1% Rh/Al2O3 washcoated (4/5)

4 and H2O with steam to carbon ratio (S/C) of 4.1, gas hourly

t, operating pressure of 1 bar, 2 bar and 3 bar.
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especially at high operating pressures, for the reasons

explained previously. In addition, the corresponding electric

behavior of Foam B was evaluated and the results are shown

in Table S2.

Fig. 8 shows the H2/CO ratio obtained from the pressure

experiments, which is in the range of 7.5e10.3 in the investi-

gated conditions. It can be observed that with the increase of

operating pressure, the syngas producedwas characterized by

a higher fraction of hydrogen compared to carbon monoxide.

Such a trend was observed at both levels of temperature and

space velocity. This could be explained by the fact that lower

methane conversions under pressure conditions result in

higher outlet water concentrations which push WGS equilib-

rium towards H2 formation [13]. Such an explanation could be

further supported by the decrease of CO/CO2 ratios at high

operating pressures (Table S2).

Fig. 9 presents thehydrogenproductivity and specific energy

consumption during the pressure effect experiments. The

values at ambient pressure are consistent with previous results
Fig. 8 e H2/CO ratios during pressure experiments at Tdown tem

and (b) GHSV ¼ 200000 Nl/h/kgcat. Experimental conditions: Foa

catalyst loading of 2.5 g, feedmixture of CH4 and H2Owith steam

of 100000 Nl/h/kgcat and 200000 Nl/h/kgcat, operating pressure o

Fig. 9 e (a) Hydrogen productivity and (b) specific energy for hyd

electrified methane steam reforming. Hydrogen yield is calcula

CO is fully converted to CO2. Experimental conditions: Foam B, 1

loading of 2.5 g, feed mixture of CH4 and H2O with steam to car

100000 Nl/h/kgcat and 200000 Nl/h/kgcat, operating pressure of 1
on Foam A, including the trend of the temperature and space

velocity effect. A hydrogen productivity of approximately 150

Nm3/h/kgcat, accompanied by a very low specific energy con-

sumption of 1.6 kWh/Nm3
H2, was achieved with GHSV of

200000 Nl/h/kgcat, Tdown of 700�C under ambient pressure.

As a result of the negative effect of pressure on conversion

(Fig. 7), the hydrogen productivity decreased when passing

from 1 to 3 bar, as shown in Fig. 9(a). At GHSV of 200000 Nl/h/

kgcat and Tdown of 700�C, hydrogen productivity of 141 Nm3/

kgcat/h and 134 Nm3/kgcat/h was obtained for operating pres-

sure of 2 bar and 3 bar, respectively. The same pressure effect

was noticed under GHSV of 100000 Nl/h/kgcat, however the

negative effect of pressure is less evident than at the higher

space velocity.

The specific energy consumption (Fig. 9(b)) was negatively

affected by the operating pressure, as 1.67 kWh/Nm3
H2 and

1.71 kWh/Nm3
H2 were needed at 2 bar and 3 bar, respectively,

at GHSV of 200000 Nl/h/kgcat and Tdown of 700�C. The corre-

sponding results of hydrogen productivity and specific energy
perature of 650�C and 700�C: (a) GHSV ¼ 100000 Nl/h/kgcat
m B, 1% Rh/Al2O3 washcoated (4/5) on SiSiC foam with a

to carbon ratio (S/C) of 4.1, gas hourly space velocity (GHSV)

f 1 bar, 2 bar and 3 bar.

rogen production as a function of operative pressure during

ted considering complete WGS reaction, i.e. assuming that

% Rh/Al2O3 washcoated (4/5) on SiSiC foam with a catalyst

bon ratio (S/C) of 4.1, gas hourly space velocity (GHSV) of

bar, 2 bar and 3 bar.
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consumption without considering the downstream water-gas

shift reaction are presented in Fig. S7. The overall energy ef-

ficiency of the system was observed to decrease with

increasing operating pressure, as shown in Fig. S8.

The obtained results show the potential of the proposed

foam-based eMSR system to operate under mild pressure

conditions. This offers promising flexibility of the system to be

integrated with downstream applications where operating

under pressure is required [67,68]. Moreover, the pressurized

operation of the reactor is of potential interest for the inte-

gration of eMSR with membranes for the production of high

purity H2 [71e73], such as Pd-based membranes [74,75].

Tests at lower S/C ratio

The catalytic performance of the proposed foam-based eMSR

system with steam to carbon feed ratio of 3 was evaluated

over Foam C (4/5 washcoated foam with catalyst loading of

2.6 g, c.f. Fig. S3). The catalytic test was carried out at

GHVS ¼ 150000 Nl/h/kgcat, and ambient pressure, and the re-

sults are shown in Fig. 10. Almost full methane conversion

was obtained at Tdown of 750�C, however conversions lower
Fig. 10 e Methane conversion as a function of Tdown

temperature during electrified methane steam reforming at

different S/C ratios. Experimental conditions: gas hourly

space velocity (GHSV) of 150000 Nl/h/kgcat, ambient

pressure; Foam C, 1% Rh/Al2O3 washcoated (4/5) on SiSiC

foam with a catalyst loading of 2.6 g, feed mixture of CH4

and H2O with steam to carbon ratio (S/C) of 3; Foam A, 1%

Rh/Al2O3 washcoated (4/5) on SiSiC foam with a catalyst

loading of 2.2 g, feed mixture of CH4 and H2O with steam to

carbon ratio (S/C) of 4.1.

Table 2 e Summary of the experimental results obtained from
production and the hydrogen productivity (P*

H2) were calculate
reaction assuming that CO is fully converted in to CO2. Foam C:
Experimental conditions: S/C ¼ 3; GHSV ¼ 150000 Nl/h/kgcat, a

Tdown [�C] Voltage [V] Current [A] Resistance [ohm] XCH4 [%]

750 16.8 39.2 0.43 98.4

700 16.3 36.6 0.45 91.7

650 15.4 33.0 0.47 79.6

600 13.9 28.0 0.50 61.3
than equilibrium were observed at lower temperatures, indi-

cating that the process is kinetically controlled in such con-

ditions, due to the higher amount of methane moles in the

feed. The results are in line with previous results obtained on

Foam A under the same space velocity but a higher steam to

carbon ratio of 4.1(Fig. 10). Moreover, it is obvious that a lower

S/C ratio resulted in lower methane conversions at the same

reactor temperature. This is consistent with the thermody-

namic constraints of the process and in line with literature

reports [76]. Even with lower methane conversions, the low S/

C operation (Table 2) shows similar energy efficiency and

specific energy for hydrogen production in comparison to S/C

of 4.1 (Figs. 6(a) and Fig. 5(b)). However, higher hydrogen pro-

ductivities were observed for S/C ¼ 3, which can be explained

by the higher CH4 concentration in the gas feed. In general, the

reforming catalysts exhibit a higher coking tendency at low

steam to carbon ratios [77], but S/C of 3 should be a safe

condition, especially for highly active Rh-based catalysts [78].

It should be mentioned that the system is stable under such

low steam to carbon ratio conditions. For each temperature,

the system was kept at a steady state for at least 20 min,

without observing any loss of catalytic activity.

Tests with higher catalyst loading

In order to further exploit the potential of the foam-based

eMSR system to operate in intensified conditions, Foam D

was prepared with a higher catalyst density and studied. As

summarized in Table 3, the catalyst loading of 5.5 g was ach-

ieved after 11 coating cycles (Fig. S4). This corresponds to a

catalyst density of 86.3 g/L and a washcoat thickness of about

87.5 mm. After loading the washcoated foam to the reactor, the

same conditioning treatment and testing strategies were

performed as previously introduced.

Fig. 11 exhibits the measured methane conversion as a

function of Tdown temperature on Foam D during catalytic

tests with space velocity of 150000 Nl/h/kgcat, ambient pres-

sure. The measured methane conversions were less than the

thermodynamic equilibrium conversions at 600�C and 650�C.
Slightly lower conversions compared to those obtained on

Foam A were noticed in corresponding conditions (Fig. 3).

Nevertheless, almost full conversions were achieved at

700�Ce750�C for the investigated space velocity (Fig. 11). As a

result of high conversion, a high hydrogen productivity of 118

Nm3/kgcat/h and the lowest specific energy consumption of

only 1.24 kWh/Nm3
H2 were achieved (Table 3). In this regard,

the obtained results verified the excellent ability of the pro-

posed foam-based eMSR system for hydrogen production in
Foam C. The specific energy consumption (e*) for hydrogen
d considering a downstream complete water gas shift
4/5 coating length, 2.6 g catalyst loading, 41.4 mm; 40.9 g/L.
mbient pressure.

e* [kWh/Nm3
H2] P*H2 [Nm3/kgcat/h] Energy efficiency h [%]

1.91 136 58

1.84 128 57

2.03 99 57

2.24 68 57
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Table 3 e Summary of the experimental results collected on Foam D. The specific energy consumption (e*) for hydrogen
production and the hydrogen productivity (P*

H2) were calculated considering a downstream complete water gas shift
reaction assuming that CO is fully converted into CO2. Foam C: 4/5 coating length, 5.5 g catalyst loading, 87.5 mm; 86.3 g/L.
Experimental conditions: S/C ¼ 4.1; GHSV ¼ 150000 Nl/h/kgcat, ambient pressure.

Tdown [�C] Voltage [V] Current [A] Resistance [ohm] XCH4 [%] e* [kWh/Nm3
H2] P*H2 [Nm3/kgcat/h] Energy efficiency h [%]

750 18.4 46.4 0.40 98.9 1.32 118 79

700 18.2 43.7 0.42 96.1 1.27 114 79

650 17.5 40.4 0.43 86.2 1.24 104 81

600 16.3 35.5 0.45 64.4 1.34 78 79

Fig. 11 e Methane conversion as a function of Tdown

temperature during intensified electrified methane steam

reforming runs. Experimental conditions: feed mixture of

CH4 and H2O with steam to carbon ratio (S/C) of 4.1, gas

hourly space velocity (GHSV) of 150000 Nl/h/kgcat, ambient

pressure; Foam D, 1% Rh/Al2O3 washcoated (4/5) on SiSiC

foam with a catalyst loading of 5.5 g; Foam A, 1% Rh/Al2O3

washcoated (4/5) on SiSiC foam with a catalyst loading of

2.2 g.
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intensified condition, i.e., high catalyst inventory with a

catalyst density of approx. 86 g/L. Moreover, as a result of a

more intensified operation, an energy efficiency of 81% was

achieved in the present work, as shown in Table 3. This is

quite remarkable considering the relatively small size of the

test unit adopted here. It should be noted that further

improvement of the energy efficiency is practically feasible,

e.g.: (i) by further increasing the operating space velocity, (ii)

by decreasing the steam to carbon ratio, or (iii) by minimizing

the heat dissipation, i.e., exploitation of systems with better

thermal insulation and with different geometry. In general,

the share of the heat dissipation decreases with scaling up the

reactor diameter [56]. This latter point was investigated by

mathematical model simulations, as reported below in the

Section Scale-up considerations.

As discussed in the Introduction section, the electrification

of thermally driven catalytic processes could be achieved by

induction heating, microwave heating and Joule heating.

Table 4 summarizes and compares the recent developments

of the eMSR process in terms of different heatingmethods and

reactor configurations. In general, all the electrification

methods enable promisingmethane conversions as a result of

enhanced heat transfer. However, on the other hand,
induction heated eMSR processes show limited energy effi-

ciencies [79], with the highest value of 23% reported by Almind

and coworkers [24]. Meloni et al. [28] reported an energy effi-

ciency of 55% using microwave heating, while a higher value

of 73%was achieved by recovering part of the heat dissipation

to pre-heat the feed gas [80]. Different from those two heating

methods, Joule heating is in principle the only one that en-

ables the direct complete transformation of electricity into

thermal energy. As expected, an unprecedented high energy

efficiency of 81%was achieved in this work on thewashcoated

SiSiC foam with a catalyst density of 86.3 g/L (GHSV ¼ 150000

Nl/h/kgcat, S/C ¼ 4.1, ambient pressure), accompanied by a

specific energy demand of 1.24 kWh/Nm3
H2, which is

remarkably less than that of electrolyzers (3.8e4.5 kWh/

Nm3
H2) [45,46]. Those results are superior to our previouswork

[44], thanks to the more intensified conditions, i.e., higher

catalyst density and feed flow rate.

Validation of the mathematical model

As described in equation S34 of Supplementary Information,

section S3, a uniform current density was assumed in the

whole foam domain to simulate the electric heating of the

eMSR reactor. In fact, the resistivity of the SiSiC foam varies

with temperature and this would lead in principle to a com-

plex description of the radial variation of the electric field;

however, radial temperature gradients in this system were

very limited, so the resistivity was considered constant on the

radial cross section of the foam and estimated at the radially

averaged solid temperature. Experimental tests showed

modest test-by-test variations of the overall electrical resis-

tance that cannot be explained by different temperature fields

but are due most likely to different electrical contact re-

sistances in the experiments. Therefore, if the experimental

current is used, this may lead to spurious changes in the total

power supplied to the reactor. To enable a correct simulation

of the experimental tests, the current measured in the ex-

periments was adjusted to ensure that the total enthalpy gain

(Eq. (3)) in the reactor was equal to the value calculated from

the experimental data. The resulting changes of voltages and

currents were limited, being in the ±10% range with respect to

experimental values.

As an example of the model simulations, the axial tem-

perature profiles and the compositions of the test with set

Tdown equal to 750�C are shown in Fig. S9 of the Supplemen-

tary Information. Panel A clearly explains the role of the pre-

heating zone in the design of the lab-scale system. In fact,

the solid temperature at the inlet of the catalytic region allows
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Table 4 e Summary of recent developments for the electrification of methane steam reforming in terms of different heating strategies, including induction heating,
microwave heating and Joule heating.

Heating
method

Nr. Reactor configuration Experimental conditions Performances Ref.

Induction

heating

1 Stainless-steel reactor (induction heating

susceptor);

Na0.5La0.5Ni0.3Al0.7O2.5 catalyst;

Cu coil.

CH4/H2O/inert ¼ 10.5/8.5/1;

GHSV ¼ 30000 Nl/kgcat/h.

Full CH4 conversion at

853�C.
[79]

2 Quartz tube reactor;

NieCo based catalysts (also as susceptor);

Cu coils.

S/C ¼ 2;

GHSV ¼ 8182 Nl/kgcat/h.

XCH4 > 90% at 800�C;
Energy efficiency of 23%.

[24,81,82]

3 High temperature tube reactor consists two parts:

a reaction cavity inside and around which is a

heat transfer cavity: filled with wick structure

and sodium as the heat transfer medium.

13.5% Ni/Al2O3 catalyst;

S/C ¼ 3;

GHSV ¼ 37000 h�1;

Ambient pressure.

XCH4 ¼ ~90% at 650�C. [25]

Microwave

heating

1 Stainless-steel tube reactor with transparent

window;

Catalyst coated SiC monolith (as susceptor);

Ni-based catalysts;

Gas flows from up to bottom of the reactor.

S/C ¼ 3;

GHSV ¼ 3300 h�1.

Equilibrium conversion

above 800�C;
Energy efficiency of 55%;

Energy consumption: 3.8

kW/Nm3
H2.

[28]

2 Similar reactor with ref. [28], with modified gas

path (enters from the top and passes through the

inner interspace before entering in the reactor

from the bottom).

S/C ¼ 3;

GHSV ¼ 5000 h�1.

Equilibrium conversion

above 750�C;
Energy efficiency of 73%;

Energy consumption: 2.5

kW/Nm3
H2.

[80]

Joule heating 1 FeCrAl-alloy tube (Joule heating substrate)

washcoated with Ni-based catalyst.

CH4/H2O/H2 ¼ 30/60/10;

102 L/h;

50 mbar.

XCH4 ¼ 87% at 700�C. [41]

2 SiC heating element (inside reactor) washcoated

with Ni-based catalyst.

CH4/H2O/Ar ¼ 1/3/7;

GHSV ¼ 182 h�1.

XCH4 ¼ 70% at 790�C. [33]

3 FeCrNi-alloy (inside reactor) coated with Ni-

based catalyst.

CH4/H2O/N2 ¼ 1/3/2;

GHSV ¼ 157000 cm3/h/gcat.

XCH4 ¼ 97% at 700�C. [35]

4 SiSiC foam (inside reactor) washcoated with Rh-

based catalyst.

Catalyst density of 46 g/L;

S/C ¼ 4.1;

GHSV ¼ 150000 Nl/kgcat/h.

XCH4 ¼ 96% at 700 �C;
Energy efficiency 61%;

Specific energy 2.0 kWh/

Nm3
H2.

[44]

Catalyst density of 86.3 g/L;

S/C ¼ 4.1;

GHSV ¼ 150000 Nl/kgcat/h.

Almost full methane

conversion above 700�C;
Energy efficiency 81%;

Specific energy 1.24 kWh/

Nm3
H2.
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the activation of the reaction. The cold-spot is located close to

the inlet region, where the reaction is fast due the high con-

centration of the reactants. Then, rapidly, Joule heating is able

to provide more heat than the one required by the reaction,

with a consequent increase of the temperature until the outlet

of the system. Correct design of inlet region and dosing of the

thermal power is required to prevent the temperature from

exceeding the maximum catalyst operative temperature and

from crossing regions where carbon formation is possible.

Fig. 12 compares the experimental and numerically

computed methane conversions and energy efficiencies as a

function of the power input. In the case of themodel, once the

net enthalpy gain is equal to the experimental one, the power

input is calculated with the current and the voltage resulting

from the simulation. Then the energy efficiency is calculated

including ohmic losses that correspond to 3% of the total input

electric power: such losses were estimated based on the set

current considering the length and size of the conductors

whose resistivity was evaluated at 50�C. The model is able to

match closely the methane conversion and the thermal effi-

ciency recorded experimentally. The outlet temperature is

also reasonably well predicted by the model.

Scale-up considerations

In this section, using the previously validatedmodel, we design

an intensified unit able to operate with industrial electric plugs

(400 V, 650 A max). Experimental test results showed that the

system can be operated at T > 700�C, S/C � 3 and

GHSV ¼ 150000 Nl/h/kgcat with a catalyst density of 86.3 g/L

providing excellent catalytic performance (almost complete

methane conversion) and high energy efficiency.We took these

results as the basis of our scale-up evaluation, by setting proper

values of steam-to-carbon, space velocity and catalyst

inventory.
Fig. 12 e Comparison of experimental and simulated

methane conversions, energy efficiencies, and outlet

temperatures in intensified eMSR tests. Foam C, 1% Rh/

Al2O3 washcoated (4/5) on SiSiC foam with a catalyst

loading of 2.6 g, feed mixture of CH4 and H2O with steam to

carbon ratio (S/C) of 4.1, gas hourly space velocity (GHSV) of

150000 Nl/h/kgcat, ambient pressure.
The design was constrained considering a maximum

operative temperature (800�C) and a maximum pressure drop

(1 bar). Differently from the lab-scale configuration, it was

assumed that such a unit is integrated in a H2 production

process, and that the feedstock undergoes first a desulphuri-

zation treatment. Therefore, the inlet temperature was set at

450�C, compatible with feed pre-treating units, which

removes the requirement of a first portion of the reactor

operating in heating-only mode. The outlet pressure was set

to 7 bar, in accordance with the adoption of a pressure swing

adsorption stage for H2 separation, as reported by the HyGear

research team, with a temperature of 800�C, close to the range

of experimentally investigated conditions [83].

The foam specification considered for simulation was the

same used in the experimental section, and the catalyst in-

ventory was increased only by 15%, to reach 100 g/L. This still

allows the system to operate with a minor impact of internal

and external mass transfer limitations. In accordance with

experimental tests, the space velocity was set to 150000 Nl/h/

kgcat, a value that, based on experimental evidence, allows to

operate close to thermodynamic equilibrium at 750�C. Two S/

C ratios, 3 and 4, respectively were considered. As discussed, a

higher pressure will increase the rate of reaction, therefore

this choice is conservative for operations close to the equi-

librium. The foam length and diameter were varied to obtain

the maximum H2 productivity within the constraints on

pressure drop, voltage and current. Firstly, different reactor

geometries were considered (length and diameter) and then

optimized values to meet the specifications listed above were

calculated.

The outlet conversion granted by reactors with different

diameters and lengths is almost constant (93.3% ± 0.1) since

the system approaches thermodynamic equilibrium at 800�C
with inlet S/C ¼ 4. The H2 production increases linearly with

reactor length and quadratically with the reactor diameter. A

reactor with a foam diameter of 11.75 cm and a total length of

1.75 m was able to meet all the constraints with a H2 pro-

duction of about 200 Nm3/h, a target value e.g. for H2 refilling

stations. By looking at the effect of reactor length on the

constraints, it was apparent that the constraint on the totalDV

is more stringent that on the pressure drops. Operating in

these conditions leads to thermal efficiencies in excess of

97.5%, due to the large reactor diameter and insulant thick-

ness considered for this application.

Performing the same analysis for a lower steam to carbon

ratio (S/C ¼ 3) leads to a marginal effect on the productivity

and on other KPIs. In a slightly smaller reactor (1.7 m, 11.3 cm

diameter) it is possible to produce 215 Nm3/h of H2 with

almost the same thermal efficiency, which grows from 97.5 to

98%. Due to thermodynamic limitations, the methane con-

version is slightly lower (89% vs 93%). A full process analysis is

needed to identify the optimal operating conditions.
Conclusions

In this work, electrified methane steam reforming for low-

carbon H2 production was systematically studied in the case

of the direct Joule heating of Rh/Al2O3 catalyst washcoated

SiSiC foams, where the SiSiC foam serves as the catalyst

https://doi.org/10.1016/j.ijhydene.2022.12.346
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coating support as well as the resistive heating element. The

washcoated SiSiC foams, electrically connected to a power

generator, were investigated at different operating conditions,

such as space velocity, operating pressure as well as under

intensified conditions. Full methane conversion was achieved

even at a high space velocity of 200000 Nl/h/kgcat at temper-

atures above 650�C. These results suggest that a high space

velocity exhibits a significant positive effect on the hydrogen

productivity. The methane conversion and the hydrogen

productivity were negatively affected by increasing the oper-

ating pressure; which however promoted the H2 fraction in

the produced syngas. Compared to the operating temperature

and pressure, which both show aminor negative effect on the

energy efficiency, incrementing the space velocity has a pos-

itive effect and plays an important role in promoting the

overall energy efficiency. The heat losses grow almost linearly

with the reactor temperature but are independent from the

space velocity, so that the overall energy efficiency increases

with increasing flow rate. A specific energy demand as low as

1.24 kWh/Nm3
H2 was achieved on a washcoated SiSiC foam

with a catalyst density of 86.3 g/L (GHSV¼ 150000Nl/h/kgcat, S/

C ¼ 4.1, ambient pressure), because of an unprecedented high

energy efficiency of 81%.

A previously developed mathematical model of the eMSR

reactor has been herein validated against the experimental

data, showing a very good agreement with the collected

intensified results and serving as a useful tool for experiment

design.

Preliminary scale-up calculations have been performed

with the aim of designing a compact unit for H2 production

compatible with industrial electricity supply lines. We show

that it is possible to design highly efficient small-scale eMSR

units with hydrogen productivities up to 200 Nm3/h.

By exploiting renewable electricity, the foam-based eMSR

concept promises an important chance for mitigating CO2

emissions. Notably, the same direct electrification concept is

applicable in principle to other endothermic reactions, such

as reverse water-gas shift reaction, dehydrogenations (e.g.,

C2H6 to C2H4), NH3 decomposition and other cracking

reactions.
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