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Highlights:

 Direct internal Joule heating of a catalyst packed SiSiC foam 
configuration;

 Selective Joule heating is energy saving and ensures low reactor wall T;

 SiSiC foam provides volumetric heating with uniform T distribution;

 Internal Joule heating ensures higher DRM activity than external heating.
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Abstract:

The strong endothermic dry reforming of methane (DRM) is a reaction of 
interest to convert greenhouse gases into syngas for downstream chemical 
synthesis. However, conventional external combustion heating not only 
generates unwanted CO2 emissions but also suffers from heat transfer 
limitations. With the rising trend of renewable electricity, process electrification 
with Joule heating emerges as a promising alternative to combustion, 
facilitating decarbonization and process intensification. In this study, we 
systematically assessed the catalytic performance in direct Joule heating of 
an internal SiSiC open-cell foam packed with Ni-based pellet catalysts for 
DRM reaction. The interconnected porous structure of SiSiC foam enables 
selective and volumetric heating of pellet catalysts in a packed bed 
configuration. The direct selective heating of internal structure requires 
extremely low input power, i.e., only 65 W to reach 800 °C compared to 143 
W for external oven heating, and results in a reactor wall temperature approx. 
300 °C lower than from the foam centerline, with the potential to significantly 
reduce reactor material requirements and cost. Additionally, volumetric Joule 
heating provides more uniform heating profiles and approx. 30 °C higher 
average temperatures over the catalytic bed with no cold spots observed, 
leading to enhanced methane and CO2 conversions reaching 94% and 64% at 
800 °C, respectively, which are approx. 5-10% higher than external heating at 
the same foam outlet temperatures. The Joule-heated DRM ensures a 
significantly low specific energy demand of approx. 0.71 kWh/Nm³ for syngas 
production. The insights gained from this work are in principle transferable to 
direct Joule heating of internal structured catalysts for other endothermic 
reactions.

Keywords:

Joule heating; Dry reforming of methane; Internal structures; Selective 
heating; Volumetric heating 
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1. Introduction

Advanced decarbonization solutions are urgently required for the energy-
intensive chemical industry as a result of growing environmental concerns. 
Dry reforming of methane (DRM) [1-4], which converts methane and captured 
CO2 into syngas for the downstream synthesis of chemicals and fuels, offers 
an attractive approach to mitigate CO2 emissions and presents as an 
important opportunity to meet the growing demand for energy and chemicals 
through a more sustainable pathway. Dry reforming of methane is of great 
interest but remains very challenging as the highly endothermic nature, which 
necessitates substantial energy input for high temperature operation to 
achieve sufficient high conversions [1]. The conventional fuel combustion 
process used to supply the necessary reaction heat results in unwanted CO2 
emissions, undermining decarbonization efforts [5, 6]. On the other hand, the 
conventional fuel combustion process where heat is typically generated 
outside the reactor results in limited heat transfer rates. This may induce 
temperature gradients within the reactor and potentially lead to side reactions 
and catalyst deactivation associated with sintering and coking [2].

With the increasing availability of low-cost renewable electricity, high-
temperature chemical processes that rely on combustion heat can be 
replaced with decarbonized heat from green electricity, i.e., process 
electrification, ushering the chemical industry into a new electric decade [6-8]. 
Joule heating, induction heating, microwave heating and thermal plasma are 
the state-of-the-art power-to-heat methods for process electrification [9-12]. 
Among them, Joule heating, also known as resistive heating or ohmic heating, 
has recently been extensively exploited to promote endothermic reactions 
toward decarbonization and process intensification [13-20]. Recent studies 
show that electrified dry reforming of methane (eDRM) based on Joule 
heating exhibited low energy demand for CO2 conversion [5], and the rapid 
pulse Joule heating with extremely short high temperature durations enables 
catalyst regeneration with in-situ coke removal [17]. Moreover, several 
process simulations studies have demonstrated that electrified methane 
reforming processes using Joule heating with renewable electricity is a 
promising route from energy, environmental and economic perspective [21-
24].

Driven by a specific heating principle, it is essential to design the Joule-heated 
reactor through careful selection of the appropriate material and geometry for 
the heating elements, with innovative technical solutions and appropriate 
infrastructure to maximize energy efficiency [9, 20]. The Joule heating 
substrates should be conductive and continuous materials, capable to be 
heated up to reasonable high temperatures while remaining stable under 
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reaction conditions. Direct Joule heating of pellet catalysts presents 
challenges primarily due to the inherent complexities associated with 
controlling the contact area [19, 25]. Chorkendorff and coworkers reported the 
electrified reactor concept that utilizes direct Joule heating of the reactor wall 
made of FeCrAl alloy [13]. The catalyst was inner coated on the heating 
element, and a low thermal gradient of less than 2 °C across the washcoat 
was reported, the excellent heat transfer properties ensure outstanding 
catalytic performance [26]. However, such reactor concept is controlled by 
mass transfer limitations [27], and electrically conductive honeycombs may 
provide a viable method for scaling up the electrified wall reactor concept, as 
demonstrated in the pilot plant study conducted by Mortensen and coworkers 
[28]. In addition to above mentioned electrified catalyst and electrified reactor 
concepts, most studies focus on the direct heating of elements within the 
reactor, utilizing various structures such as wires [18, 29, 30], plates [16, 17, 
31], honeycomb monolith and open-cell foams [5, 14, 32-37]. Typically, the 
catalysts can either be coated on the heating substrates or incorporated as 
pellet catalysts packed within the voids of the heating elements. In view of 
process intensification, optimizing mass transfer properties in Joule-heated 
reactors is as critical as enhancing heat transfer. Compared to other 
structures which may processed with limited surface areas and suboptimal 
gas-solid mass transfer, open-cell foams feature a porous structure which 
induces tortuous flow [38], and can significantly improving mass transfer 
efficiency [5, 14, 32-34, 39].

In previous works, the direct Joule heating of the SiSiC open-cell foam with 
washcoated Rh/Al2O3 catalyst was studied for different endothermic reactions 
[5, 14, 32], demonstrating excellent catalytic performances. The configuration 
of catalyst washcoated on heating elements ensures excellent heat transfer 
but may suffer from possible mechanical strength issues, particularly at high 
space velocities. Furthermore, a systematic analysis of the temperature 
distribution in the Joule-heated catalytic bed is essential to highlight the 
advantages of Joule heating, such as selective and uniform heating. In this 
work, we extended such concept by utilizing SiSiC foam as an internal Joule 
heating substrate with non-noble metal Ni-based pellet catalysts in a packed 
bed configuration for dry reforming of methane. We have systematically 
evaluated the heating properties and temperature distribution in the direct 
internal Joule-heated process, and compared to the results from conventional 
external oven heating. In general, the internal Joule heating provides more 
selective and uniform heat distribution than external method, resulting in a 
more energy-efficient dry reforming of methane process with improved 
methane and CO2 conversions under the same reaction conditions.
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2. Materials and methods

2.1 SiSiC open-cell foam characterization

In this work, a commercial cylindrical Si-infiltrated silicon carbide (SiSiC) 
open-cell foam (OD = 15 mm, L = 25 mm, 25 PPI) was adopted as internal 
Joule heating substrate. The foam has a cylindrical hole (ID = 3 mm) in the 
center in order to place thermocouple for temperature distribution 
measurement. The foam geometry was characterized by operating a Hitachi 
S-4800 scanning electron microscope (SEM) at 3 kV. The pore diameter (dp) 
and the strut diameter (ds) were obtained by averaging more than 50 
measurements from the obtained SEM images using an open-source software 
(ImageJ2x). X-ray diffraction (XRD) pattern of the SiSiC foam was recorded 
using a Rigaku Ultima IV powder diffractometer with Cu Kα radiation as a 
source of radiation (λ = 0.15408 nm) at 40 kV and 40 mA, in the range of 2θ = 
20°-70°, a step size of 0.05° and a step time of 12.5 s. Ethanol picnometry 
method was adopted to evaluate the total porosity of the foam.

2.2 Catalyst preparation and characterization

The 10% Ni/Al2O3 catalyst was prepared in the present work by a wetness 
impregnation method, using nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, 
Sigma-Aldrich) as Ni precursor. A commercial γ-Al2O3 support (General-
Reagent) was used and calcined in static air at 800 °C for 4 h prior to 
impregnation. Homemade deionized water (18.5 MΩ·cm) was used for the 
catalyst preparation. In a typical process, the target amount of Ni precursor 
was dissolved in water and the obtained precursor solution was mixed with γ-
Al2O3. The powders were dried in oven at 120 °C overnight, followed with 
calcination at 800 °C for 4 h in a muffle oven with a temperature ramp of 10° 
C/min.

Similar to the foam characterization, the morphology of the prepared Ni/Al2O3 
catalyst was characterized with the Hitachi S-4800 scanning electron 
microscope (SEM) at 3 kV, and the XRD pattens of Al2O3 support and 
Ni/Al2O3 catalyst were recorded on same diffractometer with a different 2θ 
range of 10°-90°. N2-physical adsorption-desorption experiments were carried 
out on a Micromeritics ASAP 2420 physisorption analyzer. Prior to the 
measurement, all samples were degassed in vacuum at 300 °C for 10 h. The 
adsorption-desorption tests were conducted at -196 °C, and the specific 
surface area (SBET) of the samples was calculated using the Brunauer-
Emmett-Teller (BET) method. X-ray photoelectron spectroscopy (XPS) was 
conducted using a Thermo Fisher Scientific ESCALAB 250Xi analyzer, 
utilizing Al Kα radiation as the radiation source (hv = 1486.76 eV). The 



8

pressure within the sample chamber was maintained below 8.6 × 10−7 Torr. 
The calibration of binding energy values for all samples was performed using 
a C 1s peak at 284.8 eV. X-ray absorption spectroscopy (XAS) of the Ni/Al2O3 
catalyst at Ni K-edge were performed at the BL11B beamline of the Shanghai 
Synchrotron Radiation Facility (SSRF). X-ray absorption spectra of the 
samples were recorded in transmission mode. In addition to Ni/Al2O3 catalyst, 
two reference samples, i.e., Ni foil and NiO were also measured for 
comparison. The XAS spectra obtained were normalized using the ATHENA 
program.

2.3 Catalytic activity tests

All catalytic performance tests were carried out at steady-state condition in a 
quartz tube reactor (ID = 17 mm). The quartz tube reactor was positioned 
inside an electric oven, allowing for oven heating of the reactor from outside. 
In addition to conventional oven heating, the reactor was also designed for 
direct Joule heating, which will be explained in the following. Gases were 
dosed individually by mass flow controllers (Sevenstar) and mixed before 
entering the quartz reactor. The gas composition after the reactor was 
analyzed with a micro-GC (Fanwei FV3320). Water was removed from the 
products before entering the GC for analysis. The inert gas (nitrogen) was 
directly fed to the analysis section through a by-pass line (without passing 
through reactor) to enable the use of internal standard for GC analysis. 

For the catalytic tests, 100 mg of Ni/Al2O3 catalyst (40-60 mesh) was mixed 
with 3 g of quartz sand (40-60 mesh, General-Reagent), and the resulting 
mixture was placed in the voids of SiSiC foam, filling half of the foam voids, 
with the unpacked portion serving as a preheating zone. A thin layer of quartz 
wool was placed between the SiSiC foam and the quartz reactor tube. Two 
layers of porous carbon fiber, thickness of 3 mm, were placed on the top and 
bottom sides of the foam to ensure good contact with the electrodes. These 
electrodes were connected to an adjustable DC power supply (A-BF SS-
2050KDS, Vmax = 20 V, Imax = 50 A) for Joule heating of the SiSiC foam. In 
order to ensure optimal contact between the SiSiC foam and electrodes, and 
to compensate the thermal expansion of SiSiC foam, a durable metallic frame 
structure was employed to fix the electrodes. For each Joule heating test, the 
target temperature was achieved by adjusting the input electric voltage, and 
the output current will be self-adjusted according to the electric resistance of 
the heating system. 

Several K-type thermocouples were strategically positioned in the catalytic 
reactor to monitor the temperatures. A sliding thermocouple (Tc), electrically 
insulated by a quartz tube (OD = 3 mm; ID = 2 mm), was inserted into the 
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inner cylindrical hole of the SiSiC foam via the upstream electrode, enables 
the temperature distribution measurement within the foam. Temperatures 
were measured with a resolution of 5 mm over a total length of 30 mm from 
the bottom of the foam. Another sliding thermocouple (Tw) was positioned at 
the outer wall of the reactor tube to assess the wall temperature distribution. 
The temperature after the foam outlet (Tdown) was measured using a fixed 
thermocouple, also insulated by a quartz tube, located within the downstream 
electrode. Additionally, the temperature of the electric oven (Toven) was 
monitored by a dedicated thermocouple for precise temperature control for 
tests in EOH mode.

In order to demonstrate the advantage of direct internal Joule heating, we 
have carried out the Joule heating in two configurations with and without 
thermal insulation: (i) internal Joule heating with oven door closed (IJH-DC) 
and (ii) internal Joule heating with oven door open (IJH-DO). The results were 
then compared to those obtained from (iii) conventional external oven heating 
(EOH). Prior to the catalytic tests, the loaded catalysts were reduced under 
100 mL/min flow of H2/N2 (1/1) by heating from room temperature to 800 °C 
with a temperature ramp of 10°C/min and kept at this temperature for 2 h. For 
all DRM tests, the feed gases were fixed at CH4 = 33.33 mL/min and CO2 = 
66.67 mL/min, and the steady-state DRM activities were evaluated at different 
temperatures ranging from 600 °C to 800 °C under ambient pressure. For all 
the DRM catalytic tests, the carbon balance was close to 100% calculated 
from the GC results by comparing the gas composition from inlet feed and 
outlet products.

2.4 Data analysis

For all the DRM catalytic tests, the methane conversion (XCH4) and CO2 
conversion (XCO2) were calculated according to Eq. 1 and Eq. 2, respectively.

XCH4 =  
FCH4, in  FCH4,out

FCH4, in
                                          (1)

XCO2 =  
FCO2, in  FCO2,out

FCO2, in
                                          (2)

where FCH4,in and FCH4,out are the methane flow rates in the feed and in the 
product stream, respectively. FCO2,in and FCO2,out are the CO2 flow rates in the 
feed and in the product stream, respectively. Equilibrium conversions at a 
given temperature was calculated by minimization of the Gibbs energy of the 
system.
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As in previous studies [5, 14, 32], the energy evaluation of the Joule-heated 
system was conducted. For each catalytic test, the input voltage (V) and 
current (I) were recorded for both the internal Joule heating and external oven 
heating runs. Therefore, the input power (P) and the resistance (R) of the 
electrical circuit were calculated according to Eq. 3 and Eq. 4, respectively.

P =  VI                                                      (3)

R =  VI                                                        (4)

In order to evaluate the amount of energy consumed by the DRM reaction, the 
reaction heat duty (Q) was calculated according to the following equation:

Q = Hout ― Hin                                               (5)

where 𝐻𝑖𝑛 and 𝐻𝑜𝑢𝑡 are the enthalpy flows of the gas mixtures at inlet and 
outlet of the reactor, respectively. In this regard, the power loss (Ploss) of the 
system can be calculated according to Eq. (6):

Ploss = P ― Q                                                 (6)

The reaction heat (Q) can be divided into reaction chemistry heat (𝑄𝑐) and 
reaction sensible heat (𝑄𝑠). The reaction chemistry heat (𝑄𝑐) at 298 K was 
evaluated according to:

Qc = ∑i λiΔHR
i                                               (7)

where Δ𝐻𝑅
𝑖  is the heat of reaction at 298 K. In this regard, the reaction 

sensible heat (𝑄𝑠) could be evaluated according to:

𝑄𝑠 = 𝑄 ― 𝑄𝑐                                                 (8)

Finally, the theoretical specific energy demand (𝑆𝐸𝑠𝑦𝑛) for syngas production 
during Joule-heated DRM tests was evaluated considering an energy 
efficiency of 95% and a recovery of 90% sensible heat [5], according to Eq. 
(9):

𝑆𝐸𝑠𝑦𝑛 =  
𝑄𝑟 0.1∗𝑄𝑠

0.95∗(FCO2, in  FCO2,out)                                     (9)
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3. Results and discussion

3.1 SiSiC foam and catalyst characterization

Figure 1. Characterization results of the Joule heating element (SiSiC foam) and 
DRM catalyst (Ni/Al2O3) applied in the present work. (a) Front (left) and top (right) 
views of the SiSiC foam; (b) SEM images of the SiSiC foam with a representative 
description of dp and ds measurements; (c) X-ray diffraction patten of the SiSiC foam; 
(d) SEM images of the Ni/Al2O3 DRM catalyst adopted in this work; (e) X-ray 
diffraction pattens of the Al2O3 support and Ni/Al2O3 catalyst; (f) XPS results of the 
Ni/Al2O3 catalyst; and (g) normalized X-ray absorption near edge structure (XANES) 
spectra of the Ni/Al2O3 catalyst as well as the reference Ni foil and NiO samples.

Prior the catalytic tests, the selected Joule heating element, i.e., SiSiC foam, 
and DRM catalyst, i.e., Ni/Al2O3, were systematically characterized to gain a 
comprehensive understanding of their properties. Figure 1(a) shows the front 
(left) and top (right) views of the adopted SiSiC foam in present work. The 
cylindrical hole (3 mm) positioned along the centerline position of the foam 
allows for the placement of a sliding thermocouple (Tc) for temperature 
distribution measurements. As shown in Figure 1(b), the foam with porous 
structure (25 PPI) exhibited an average pore dimeter of 2.29 mm and a strut 
dimeter of 0.46 mm (Table 1). A total foam porosity of 0.73 was estimated by 
ethanol picometry method (Table 1). The porous structure of the foam may 
facilitate the packing of pellet catalysts, creating a packed bed with intimate 
contact between the catalyst and the heating element, and this arrangement 
may ensure excellent heat transfer properties, while the tortuous gas flow path 
enhances the mass transfer rates [38]. Upon zooming in the SEM images, we 
could clearly observe the Si particles infiltrated on the SiC surface (Figure 
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1(b)), in line with the XRD results (Figure 1(c)), which evident the presence of 
both Si phase (PDF #27-1402) and SiC phase (PDF #49-1428) [14, 40]. This 
infiltrated Si is able to modify the electrical resistance and enhance the 
chemical stability of the bulk SiC material [40, 41]. Figure S1 shows SEM 
images of the SiSiC foam with broken surfaces.

Table 1. Geometrical and phase properties of the adopted SiSiC foam in this study.

As shown in Figure 1(d), the prepared Ni/Al2O3 catalyst features a laminated 
cubic structure with an average size of approx. 80 μm. The impregnation of Ni 
onto the Al2O3 support (Figure S2) does not significantly alter the support size 
but creates additional pores with the specific surface area increased from 76 
m2/g to 81 m2/g (Table S1 and Figure S3). This is accompanied by the 
formation of the NiAl2O4 phase, as indicated by the XRD data (Figure 1(e)). It 
has been reported that the formation of NiAl2O4 phase with strong metal-
support interaction is beneficial to stabilize Ni particles by preventing sintering 
at elevated reaction temperatures [42]. 

As shown in Figure 1(f), the XPS spectrum of the Ni/Al2O3 sample can be 
deconvolved into three peaks. The peak at binding energy of 855.18 eV 
corresponds to the P1 peak of Ni 2p, while the peaks at 856.28 eV and 
858.24 eV represent the P2 peaks of Ni 2p, indicating Ni2+ in octahedral and 
tetrahedral coordination sites, respectively. The results obtained are 
consistent with previous literature reports and suggest a good interaction 
between Ni and Al2O3 support [43, 44]. The Ni K-edge XAS spectrum 
collected for the Ni/Al2O3 sample is depicted alongside the reference spectra 
of Ni foil and NiO samples in Figure 1(g). The pre-edge peak of the Ni/Al2O3 
sample resembles that of the NiO (Ni2+) reference and is assigned to the 
dipole-forbidden but quadrupole-allowed transition (1s to 3d) [45]. The 
increases in the pre-edge peak intensity of Ni/Al2O3 sample indicating a strong 
interaction between the support and Ni species, as suggested by previous 
works [45, 46]. The white line intensity of Ni/Al2O3 sample is higher that of the 
Ni foil reference, consistent with the presence of a small portion of oxidized Ni 
species [47].

In short, we have characterized the selected materials in this section, 

OD 
(mm)

ID 
(mm)

L 
(mm)

PPI Porosity 
(%)

ds 
(mm)

dp 
(mm)

Phase 
composition

15 3 25 25 73 0.46 2.29 Si / SiC



13

including the heating element, i.e., SiSiC open-cell foam, and the DRM 
catalyst, i.e., Ni/Al2O3 sample. The results indicate that we have a heating 
substrate with an appropriate composition and structure for Joule heating and 
for packing the pellet catalysts. The prepared Ni/Al2O3 demonstrates 
reasonable composition and properties for the dry reforming of methane 
reaction. This enables us to explore the benefits of direct internal Joule 
heating of SiSiC open-cell foam packed with Ni-based catalysts for an 
electrified dry reforming of methane process.

3.2 Joule heating of the bare SiSiC foam in N2

Figure 2. Joule heating of the bare SiSiC open-cell foam in flowing N2. (a) Schematic 
representation of temperature measurements in the Joule-heated reactor system, Tc 
and Tw were measured from sliding thermocouples located at the centerline of the 
foam and the outer wall of the quartz reactor tube, respectively, Tdown was measured 
at the downstream of the foam at centerline position and the Toven was measured at 
the oven inner wall at the mid of the reactor position; (b) outlet Tc temperature as a 
function of input power in different heating modes including IJH-DO, IJH-DC and 
EOH; (c) Tc and Tw temperature distribution profiles from IJH-DO-750; comparison of 
(d) Tc and (e) Tw temperature distribution profiles from different heating modes at 
fixed outlet Tc of 750 °C; (f) rapid Joule heating temperature response with fast input 
power on and off; (g) SiSiC foam images during Joule heating from room 
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temperature (RT) to 800 °C. All tests in this section were carried out with a bare 
SiSiC foam (without catalyst packing) in a 100 mL/min N2 flow at ambient pressure.

Before conducting the DRM catalytic tests, we systematically evaluated the 
Joule heating properties of the investigated system by direct internally heating 
a bare SiSiC foam in an inert nitrogen atmosphere (100 mL/min N2). 
Monitoring the temperatures along the reactor is crucial during the Joule 
heating process. To achieve this, we have placed several thermocouples, as 
shown in Figure 2(a), at dedicated locations within the reactor. This includes 
two sliding thermocouples, Tc and Tw, for measuring the temperature 
distribution from the foam centerline and the reactor outer wall, respectively, 
while Tdown for the downstream temperature after the foam and Toven for 
monitoring and controlling the oven temperature.

As shown in Figure 2(b), the SiSiC foam can be heated by both the Joule 
effect (direct heating) and an external oven (indirect heating) to high 
temperatures relevant for the DRM reaction. The outlet Tc temperature, 
measured at the bottom of the foam, demonstrated a linear correlation with 
input power, regardless of the heating mode, in line with previous reports [5, 
14, 32]. Notably, a higher input power is necessary to achieve the same outlet 
Tc temperature when using external oven heating compared to direct internal 
Joule heating. For instance, 144 W was required for external oven heating to 
reach outlet Tc of 750 °C, whereas only 73 W and 61 W were needed for 
Joule heating with the oven door open and closed, respectively. During direct 
internal Joule heating, both Tc and Tw show increasing temperature profiles 
along the foam region in gas flow direction, as shown by IJH-DO-750 in Figure 
2(c). Notably, the foam centerline temperature Tc was significantly higher, by 
200-400 °C, than the reactor outer wall temperature Tw at the same axial 
position. The temperature difference between Tc and Tw does not accurately 
represent the radial temperature distribution within the foam. Although the 
outer surface temperature of the foam was not directly measured, it is 
expected to be significantly higher than Tw. Despite the presence of heat 
dissipation, the volumetric nature of Joule heating is likely to result in a 
relatively uniform radial temperature distribution within the foam. The rising 
temperature profile indicates that when designing the Joule-heated 
endothermic DRM process, it is essential to avoid packing the catalyst in the 
foam inlet region, where temperatures are low and not favorable for catalyst. 
Instead, the inlet section can be utilized for feed gas preheating.

By comparing Figure 2(d) and Figure 2(e), it is evident that to reach the same 
outlet Tc of 750 °C, the Tw remains constant along the foam region during 
external oven heating, while significantly lower Tw temperatures were 
observed with internal Joule heating. The same trend is noted for other outlet 
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Tc temperatures of 700 °C and 650 °C (Figure S4). This suggests that 
external oven heating necessitates heating a larger area to reach the target 
foam temperature, making it more energy-consuming compared to internal 
Joule heating, which, however, is able to selectively heat only the SiSiC foam, 
consistent with the lower input power requirements shown in Figure 2(b). The 
selective Joule heating of only the target internal structures may have other 
potential advantages, such as avoiding undesired gas-phase side reactions 
[48]. For internal Joule heating modes, Tw is lower in the oven door open 
condition (IJH-DO) compared to the closed condition (IJH-DC) due to 
increased thermal loss to the surroundings (Figure 2(e)). Consequently, a bit 
higher Tc temperature was observed along the axial position (Figure 2(d)), 
indicates the requirement of a higher input power. This is consistent with the 
results shown in Figure 2(b).

Direct internal Joule heating of the SiSiC open-cell foam demonstrates the 
potential for rapid heating and cooling cycles. As illustrated in Figure 2(f), by 
periodically turning on (18 V) and off (0 V) the power generator, the system 
can quickly control temperatures between 150 °C and 800 °C. This capability 
may allow for the rapid startup and shutdown of the endothermic reactions, 
enabling the system to operate with a fast temperature response that can 
adapt to the intermittent nature of renewable energy sources [9, 26, 49]. 
Figure 2(g) displays the images of SiSiC foam at different Joule heating 
temperatures up to 800 °C. This provides clear evidence that Joule heating of 
the foam delivers selective, uniform, and stable heating, which are the key 
advantages of direct volumetric internal heating that worth a further 
exploration in efficient driving the endothermic dry reforming of methane 
reaction.
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3.3 Joule-heated DRM performance

Figure 3. Joule-heated dry reforming of methane results. (a) Measured outlet Tc 
temperature as a function of input power from different heating modes with and 
without the presence of Ni/Al2O3 catalyst in DRM feed; (b) CH4 conversion and (c) 
CO2 conversion as a function of outlet Tc temperature from different heating modes in 
Joule-heated DRM tests; (d) Tc and Tw temperature distribution profiles from IJH-DO-
750; (e) comparison of temperature profiles from different heating modes at fixed 
outlet Tc temperature of 750 °C; (f) comparison of Tc-Tw profiles and (g) average Tc 
from different heating mode at fixed outlet Tc temperature of 750 °C; (h) calculated 
electrical resistance as a function of outlet Tc temperature from all the Joule-heated 
runs. All tests in this section were carried out with CH4 = 33.33 mL/min, CO2 = 66.67 
mL/min; in the case of Joule-heated DRM runs, the packed catalyst loading was 100 
mg Ni/Al2O3 diluted in 3 g quartz sand.

To evaluate the DRM catalytic performance, 100 mg pellet Ni/Al2O3 catalysts 
were diluted in 3 g quartz sand and packed in the voids of the SiSiC foam. 
The packed catalytic bed filled only half of the foam volume, with the upper 
unfilled half serving as a preheater, as suggested from the rising T profiles in 
Figure 2(c). All DRM tests in this section were carried out in CH4 = 33.33 
mL/min, CO2 = 66.67 mL/min, at ambient pressure. It is important to note that 
in the experimental campaign, the target system temperature was regulated 
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by the outlet Tc temperature during internal Joule heating, and by the Toven 
temperature during external oven heating. 

As shown in Figure 3(a), the outlet Tc exhibited as well a linear correlation with 
input power in DRM feed, regardless of the catalyst presence and the heating 
mode, similar to the results obtained from Joule heating of only the bare foam 
in N2 (Figure 2(b)). It requires significantly less input power for internal Joule 
heating to reach same outlet Tc temperature, as compared to external oven 
heating, thanks to the selective internal Joule heating, in line with the results 
obtained from Figure 2. For example, only 65 W for internal Joule heating 
(IJH-DC) to reach 800 °C compared to 143 W for external oven heating. The 
Joule-heated processes displayed the same heating slope in open and closed 
oven conditions, indicates a similar heat dissipation process, however, in 
contrast to oven heating, which exhibited a steeper heating slope. The heating 
curves are overlapped for external oven heating with and without the 
presence of catalyst. However, in the cases of internal Joule heating, less 
input power was required when the catalyst present, this can be attributed to 
the use of a thin layer of quartz wool covering the gap between the foam and 
the quartz tube reactor, which acts as a thermal insulation layer. In contrast, 
no quartz wool was used in the bare foam configuration.

It is important to mention that the bare foam (without catalyst packing) was 
tested with DRM feed, where hardly any methane or CO2 conversions could 
be observed at temperatures up to 800 °C, indicating that the bare foam is 
inert with respect to the DRM reaction. With the presence of Ni/Al2O3 catalyst, 
Figure 3(b) and (c) show the methane conversion and CO2 conversion as a 
function of outlet Tc temperature, respectively. Outlet Tc was selected as the 
representative reference temperature to compare the obtained conversions 
with equilibrium conversions, as suggest by Balzarotti and coworkers [50]. It 
should be noted that for oven heating, the conversion results were plotted 
based on the measured outlet Tc temperatures instead of the target Toven 
temperatures. For all the tests, the conversions were lower than that of 
equilibrium, indicating that the DRM runs were operated in kinetic controlled 
regime. Interestingly, even under the same feed conditions, the internal Joule 
heating processes exhibited superior DRM activities, achieving higher 
methane and CO2 conversions compared to external oven heating. Among 
them, the IJH-DC configuration exhibited the best performance, with the 
highest methane conversion of 94% and CO2 conversion of 64% achieved at 
outlet Tc of 800 °C. However, the EOH mode demonstrated approx. 10% 
lower methane conversion and about 5% lower CO2 conversion compared to 
that of IJH-DC configuration even at same outlet Tc temperatures. The results 
for methane and CO2 conversions as a function of input power are shown in 
Figure S5 to illustrate the input-output relationship. It is important to note that 
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stable conversions and a carbon balance close to 100% were achieved 
throughout the tests, with no carbon deposits observed after unloading the 
reactor. Table S2 compares the results of this study with literature reports on 
Joule-heated dry reforming of methane. This work represents the first report 
on Joule-heated DRM using a packed bed configuration and demonstrates 
excellent DRM activity achieved with non-noble Ni-based catalysts.

The dry reforming of methane reaction is highly dependent on reaction 
temperature. In present work, the same Ni-based catalysts were used for both 
external oven heating and internal Joule heating, the DRM activity is expected 
to be identical at the same temperature. To explain the differences observed 
in Figure 3(b) and (c), a detailed analysis of the temperature distribution was 
conducted to evaluate the advantages of direct internal Joule heating 
compared to indirect external oven heating. As an example, Figure 3(d) shows 
the Tc and Tw temperature profiles of IJH-DC-750 along the axial direction, 
while the results for other temperatures can be found in Figure S6. A Tc 
temperature of 570 °C was measured at the top of the foam, which went 
through a preheating process in the upper half foam to reach 723 °C before 
entering the catalytic bed (Figure 3(d)). Despite the proceeding of 
endothermic DRM reaction, the temperature displayed a gradual increase and 
ultimately reaching the target of 750 °C at the end of the catalytic bed. The Tw 
temperature exhibits an increasing trend during the preheating process 
followed by a slightly decrease in the endothermic catalytic region. Tw remains 
significantly lower than Tc throughout the reactor, indicating the selective 
properties of internal Joule heating, which ensures an energy-saving process 
((Figure 3(a)). However, Tw does not accurately reflect the radial temperature 
distribution within the foam. We assume that the foam has uniform 
temperature distribution in radial position to the outer wall due to the effects of 
volumetric Joule heating and the fact that the catalysts is in close contact with 
the heating sources, even though a small amount of thermal dissipation may 
occur.

Figure 3(e) compares the Tc and Tw temperature distribution profiles from the 
three different heating modes at same outlet Tc of 750 °C. It is evident that Tw 
exhibits distinctly different profiles, remaining almost constant at 800 °C for 
EOH, while being significantly lower for the IJH cases, particularly in the oven 
door open condition where more heat dissipation is expected (Figure 3(e)). 
Figure 3(f) displays the calculated radial temperature difference between Tc 
and Tw along the axial coordinate. Compared to conventional external oven 
heating, the direct internal Joule heating selectively heats only the catalytic 
bed, resulting in a reactor wall temperature (Tw) can be at least 300 °C lower 
than the foam centerline temperature (Tc) in the foam region, leading to a 
significant reduction of reactor material requirements and costs. In the case of 
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external oven heating, where heat is supplied from outside the reactor, a 
decreasing Tc profile with temperature as low as approx. 725 °C observed 
(Figure 3(e)). Given the fact that SiSiC foam is a thermally conductive internal 
structure that enhances heat transfer [51], we can expect that Tc would be 
even lower if the SiSiC foam were absent [50]. In contrast, a rising Tc 
temperature profile was noticed for IJH-DO across the catalytic bed until 
reaching the target outlet temperature. With improved thermal insulation, a 
rapid increase in Tc was noted for IJH-DC in the first part of the foam, 
achieving a maximum temperature of 765 °C. Subsequently, Tc gradually 
decreased with the proceeding of the endothermic DRM reaction, arriving the 
target outlet temperature of 750 °C. As a result, a higher average Tc 
temperature of 757 °C was achieved in the reaction zone for IJH-DC (Figure 
3(g)), followed by 738 °C and 726 °C for IJH-DO and EOH, respectively. This 
explains that DRM active follows the sequence of IJH-DC > IJH-DO > EOH, 
suggested by Figure 3(b) and (c). The average Tc temperatures were 
calculated for other operation conditions and displaced a similar trend (Figure 
S7). Furthermore, no cold spots were observed across the catalytic bed 
during direct internal Joule heating, this presents a significant advantage over 
external oven heating to avoid carbon deposition associated with catalyst 
deactivation [52, 53].

The contact between the SiSiC foam and the electrodes is a critical factor 
influencing the stability and efficiency of the Joule-heated system. Insufficient 
contact can result in significant contact resistance, leading to localized high 
temperatures. Furthermore, the thermal expansion of the SiSiC foam during 
heating and cooling cycles may cause a loss of electrical contact. In this work, 
a robust metallic frame structure was adopted to fix the electrodes, in order to 
ensure optimal foam-electrode contact. As shown in Figure 3(h), we have 
summarized the calculated electrical resistance from all the Joule heating 
tests carried out in this work, and plotted as a function of outlet Tc 
temperature. The electrical resistance exhibited a decreasing trend with rising 
outlet Tc temperature, in line with simi-conductor nature of SiC material [54], 
as well as the previous reports [5, 14, 32]. The electrical resistance may vary 
at lower temperatures due to imperfect contact between the foam and the 
electrodes. However, thanks to the thermal expansion at high temperatures 
which may result in improved electric contact, the electrical resistances were 
almost superimposed at temperatures above 700 °C, proving the 
reproducibility of the system with stable Joule heating performance, even 
under DRM reaction conditions.
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3.4 Energy evaluation of the Joule-heated DRM processes

Figure 4. Energy analysis of the Joule-heated dry reforming of methane runs. (a) 
Reaction heat and (b) power loss and as a function of outlet Tc temperature from 
different heating modes; (c) energy flow of the Joule-heated catalytic process; (d) 
specific energy demand for syngas production (SEsyn) as a function of outlet Tc from 
different heating modes. SEsyn was calculated considering an energy efficiency of 
95% and a recovery of 90% sensible heat.

As an innovative method to supply the required heat for endothermic reaction, 
it is important to assess the energy distribution of the Joule-heated DRM 
process. The required reaction heat for the DRM process under different 
heating modes was calculated and presented in Figure 4(a). The reaction heat 
ranges from 4 to 10 W, showing an increasing trend with rising temperature. 
Moreover, it demonstrates that more energy was used as reaction heat at the 
same outlet Tc temperature in the IJH-DC mode, followed by the IJH-DO and 
EOH, consistent with the previously reported DRM activity in Figure 3(b) and 
(c). The power loss of the system, calculated by subtracting the required 
reaction heat from the input power, is illustrated in Figure 4b and shows a 
linear correlation with the outlet Tc temperature, regardless of the heating 
mode. This aligns with previous reports and indicates that thermal dissipation 
through natural convection is the primary energy loss of the system [5, 14, 
32]. The IJH modes displayed similar power loss characteristics whether the 
oven door was open or closed, differing from external oven heating, consistent 
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with the results presented in Figure 2(b) and Figure 3(a).

As shown in Figure 4(c), in a typical electrified catalytic process, a portion of 
the input power is dedicated to driving the reaction, i.e., reaction heat, while 
the rest is lost through heat dissipation at high temperatures. This power loss 
can be minimized through better thermal insulation or improved reactor design 
[9, 55], moreover, some of such thermal energy loss can be partially 
recovered through heat exchange. Only a fraction of the energy from the 
reaction heat is necessary to drive the reaction itself, i.e., reaction chemistry 
heat, with the rest part used to heat the gases to target reaction temperatures, 
i.e., reaction sensible heat. The reaction sensible heat is in principle can also 
be captured as thermal energy via heat exchange [5, 56]. The detailed energy 
distribution results from different heating modes are presented in Table S3. In 
this context, a specific energy demand for syngas production (SEsyn) was 
calculated during eDRM considering an energy efficiency of 95% and a 
recovery of 90% sensible heat [5], and the results are presented in Figure 
4(d). Compared to the open oven door condition, the IJH-DC mode exhibited 
a slightly lower SEsyn at the same outlet Tc temperature, which can be attribute 
to the enhanced DRM activity observed (Figure 3(b) and (c)). The lowest 
SEsyn of 0.71 kWh/Nm3syn was achieved during the IJH-DC-750 process. Such 
results are very attractive and in principle can be achieved by optimizing the 
process design. The H2/CO ratio of produced syngas in the present work falls 
in the range of 0.46-0.52 (Figure S8(a)), due to the fact that a higher 
stoichiometric feed ratio (CO2/CH4 = 2) was used, which facilitates a 
significant reverse water-gas shift reaction, as suggested by the calculated net 
CO2 consumption per converted reactant CH4 in Figure S8(b).

3.5 Discussion

Alongside the environmental benefits and the potential to store intermittent 
renewable energy in the form of chemicals [6, 9], the transition from fuel 
combustion heating to process electrification via Joule heating based on 
renewable energy offers substantial advantages for driving endothermic 
catalytic reactions [9, 20]. As a novel and advanced method, it requires 
dedicated reactor engineering to effectively maximize the benefits of Joule 
heating in driving endothermic reactions. Indeed, the direct Joule heating of 
SiSiC open-cell foams has been investigated with a Rh/Al2O3 catalyst 
washcoated configuration [5, 14, 32]. As an extension, this work presents a 
catalyst packed bed configuration where non-noble metal Ni-based pellet 
catalysts were placed within the voids of the SiSiC open-cell foam for dry 
reforming of methane. Moreover, the introducing of dedicated thermocouples 
for temperature distribution measurement allows for a clear understanding of 
the advantages of direct internal Joule heating, compared to the conventional 
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external oven heating.

So far, most studies reported for Joule-heated processes are based on 
catalyst washcoat configuration [13, 14, 16-18, 34, 36, 37, 49, 57-59]. The 
washcoat configuration offers excellent heat transfer properties as the catalyst 
can be located in direct contact with the heating source, however, on the other 
hand, it might suffer from limited catalyst coating strength, result in mass loss 
and diminished catalytic activity, especially under high gas velocity conditions. 
In this work, the porous structure of open-cell foam enables a packed 
configuration with superior heat transfer properties, while avoid potential 
mechanical adhesion issues associated with washcoating. However, when 
scaling up this catalyst packed open-cell foam configuration, it is crucial to 
consider the possible issues associated with pressure drop and effective 
packing volume.

Moving from external heating to direct internal heating within the reactor, the 
Joule-heated reactor configuration allows for selective heating of only the 
target elements. Once the target reaction temperature is reached, the wall 
temperature (Tw) can be significantly lower than the temperature in the 
catalytic bed (Tc), as illustrated in Figure 3(d). Moreover, the Tdown which was 
measured 2 mm below the foam exhibited approx. 100°C lower temperatures 
than the outlet Tc. This may offer several advantages: (i) improved energy 
efficiency, as energy can be precisely used in where reaction is needed, 
rather than in the surrounding environment, as demonstrated in Figure 3(a); 
(ii) reduced reactor material costs, as selective heating generates the highest 
temperatures within the catalytic bed while substantially lowering the reactor 
wall temperature, as shown in Figure 3(d), this reduction in wall temperature 
decreases material requirements, leading to substantial cost savings, which is 
a critical consideration in large-scale reforming applications; (iii) the potential 
to inhibit unwanted gas phase reactions, such as oxidative dehydrogenation 
reactions suggested by Ramirez and coworkers [48], and methane pyrolysis 
etc., where high temperature undesired homogeneous reactions may lead to 
low selectivity of target products. This advantage can be further explored in 
the future.

The SiSiC open-cell foam, with its porous structure, its direct Joule heating 
ensures volumetric heating and promotes a uniform temperature distribution 
within the reactor, leveraging the excellent heat transfer properties of SiSiC 
material [51, 54]. This uniform heating helps prevent the cold spots formation 
that commonly associated with external heating, therefore avoid possible 
carbon deposition that may lead to catalyst deactivation [2, 52]. Additionally, 
this volumetric and uniform heating can achieve higher average temperatures 
in the catalytic bed, resulting in an increased catalytic activity compared to 



23

external oven heating, as evident by Figure 3(b) and (c).

The Joule effect enables the complete transformation of electric energy into 
thermal energy [9, 60]. In this work, a quartz tube reactor was utilized in order 
to facilitate the observation of experimental phenomena, however, a large 
amount of heat was dissipated due to inadequate thermal insulation. In 
principle, a stainless-steel tube reactor can be designed with improved 
thermal insulation, and by operating under intensified conditions, it is possible 
to significantly improve process energy efficiency [28, 32]. Furthermore, a 
stainless-steel tube reactor enables the reforming reaction to be conducted 
under pressurized conditions [32]. However, the stainless-steel tube reactor 
should be carefully designed to avoid possible electric issues, this can be 
achieved for example by placing an electric insulation layer between the Joule 
heating element and the stainless-steel tube [5, 14, 32].

4. Conclusions

In this study, we have investigated the direct internal Joule heating of a silicon 
infiltrated silicon carbide (SiSiC) open-cell foam packed with non-noble metal 
Ni-based pellet catalysts for dry reforming of methane. The interconnected 
porous structure of SiSiC foam serves as an effective Joule heating substrate, 
enabling selective and volumetric heating of the pellet catalysts located within 
the foam voids. Several dedicated thermocouples were strategically placed 
within the catalytic bed to ensure precise monitoring and evaluation of the 
internal Joule heating process. Compared to conventional external oven 
heating, the direct internal Joule heating selectively heated only the catalytic 
bed, resulting in a reactor wall temperature (Tw) can be approx. 300 °C lower 
than the foam centerline temperature (Tc), leading to a significant reduction of 
reactor material requirements and costs. Additionally, the selective heating 
requires considerably lower input power, only 65 W (IJH-DC) to reach 800 °C 
compared to 143 W for external oven heating. Furthermore, the porous 
structure of SiSiC foam facilitates volumetric heating of the catalytic bed, 
resulting in a more uniform temperature distribution (Tc) without cold spots 
noticed. Such uniform heating contributes to an average Tc temperature in the 
catalytic bed that is approx. 30 °C higher than that from external oven heating. 
The improved temperature distribution leads to promoted dry reforming of 
methane (DRM) activities, with methane conversion of 94% and CO₂ 
conversion of 64% achieved at outlet Tc of 800 °C, which are approx. 10% 
higher in methane conversion and 5% higher in CO₂ conversion compared to 
external oven heating under the same outlet foam temperatures. The Joule 
heating process ensures a significantly low specific energy demand for 
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syngas production, with approx. 0.71 kWh/Nm³ achieved in a simulated 
process. In addition to the general benefits of decarbonization and the 
potential to store intermittent renewable energy, this work demonstrates that 
the transition from external heating to direct internal Joule heating provides 
several advantages to enhance the dry reforming of methane reaction, and 
the insights obtained in the present work are in principle applicable to other 
endothermic reactions.
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Highlights:

 Direct internal Joule heating of a catalyst packed SiSiC foam 
configuration;

 Selective Joule heating is energy saving and ensures low reactor wall T;

 SiSiC foam provides volumetric heating with uniform T distribution;

 Internal Joule heating ensures higher DRM activity than external heating.


