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Abstract

Ammonia, widely regarded as the “hydrogen carrier of the future,” offers high hydrogen content,
ease of production, and a well-established infrastructure for handling and transportation on a global
scale. Meanwhile, ammonia cracking requires heat supply at high temperatures and induction
heating provides efficient, precise, and rapid heating to conductive materials of different shapes and
sizes. Therefore, this work presents a proof of concept for ammonia cracking using induction heating
with 3 different reactor configurations: (1) a 3D metal workpiece; (2) a 3D metal workpiece and
Ni/AlLO; catalyst; and (3) only Ni/ALQO:s catalyst. The performance of the inductively heated reactor
is also compared to the one using an electric furnace. The results showed that the reactor
configuration containing both the workpiece and the catalyst was the most efficient in terms of
electric power usage to achieve high temperatures quickly; the least efficient configuration is the one
with just the catalyst. While the workpiece surface showed minor structural changes after time on
stream, the system’s performance was not affected. Overall, the introduction of the 3D workpiece
allowed for fast and uniform conversion and heating within the reactor enabling efficient and
dynamic process control when applying induction heating to chemical reactors.

Keywords: ammonia cracking; induction heating; electrification; hydrogen carrier; 3D workpiece;
internal heating

1. Introduction

The need for the energy-intensive industry to decrease greenhouse gas emissions and reduce the
use of fossil fuels, as well as the search for affordable energy, have created a strong driver for
ammonia as an energy carrier [1,2]. As such, ammonia can be used as a fuel in combustion processes,
be reformed into hydrogen, or indeed a combination of both[3,4]. The cracking of ammonia into
hydrogen:

NH;(g) 2 %NZ (9) + %HZ (9) AH® = 459 K] - mol™, 1)

is an equilibrium-limited, endothermic process typically run between 400 °C and 900 °C in order to
achieve high conversion [5]. Ammonia, or product purification off-gases, have been proposed as fuel
for providing the required energy in burners. This however leads to a significant loss in efficiency
when considering the energy balance over the value chain from renewable electricity to hydrogen at
end-use [6]. [6]. Moreover, the process must be sufficiently flexible to follow the intermittent demand
for hydrogen from NHs crackers, whereas conventional burners are constrained by their limited
turndown ratio[7]. Instead, electrified ammonia cracking offers a potentially higher overall efficiency
while offering productivity benefits [8].

Many research and development efforts are currently directed at electrification of high-
temperature industrial processes by resistive, induction, and dielectric heating. Good overviews have
recently been published by Leicher et al.[9] and Masuku et al. [10], for example. Recent studies
demonstrate the potential of induction heating to significantly enhance catalytic performance. Most
of the current applications focus on directly heating the catalyst itself, which must contain
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ferromagnetic (nano)particles that are affected by the electromagnetic field, demonstrating enhanced
reaction performance [11-14]. Accordingly, a recent study demonstrated that a Pt/FesOs nanoparticle
catalyst could be inductively heated to drive CO oxidation, resulting in a more than 25-fold increase
in reaction rate compared to conventional external heating [12]. Meanwhile, another work developed
a composite COz sorbent of zeolite 13X mixed with FesOs, enabling rapid induction heating for TSA
(temperature swing adsorption) regeneration [14]. They reported that the inductive system could
deliver a heat absorption rate up to 150 W per gram of FesOu (at 171 A coil current) in the sorbent,
allowing CO: desorption in under three minutes. Even highly endothermic reactions like steam
methane reforming (SMR) have been targeted by using Co-Ni alloy nanoparticles on alumina as both
catalyst and magnetic susceptor for SMR, achieving >90% methane conversion at ~800 °C with
induction heating [15].

However, this method of inductively heating the catalyst also comes with limitations. Effective
induction heating of the catalyst bed requires the presence of ferromagnetic particles in sufficient
concentration and with uniform dispersion. This limits the range of catalytic processes that can
benefit from induction heating technology such as the processes with catalysts that are not
ferromagnetic or too expensive to be present in high quantities. In addition, when catalysts are
weakly ferromagnetic, high electrical inputs are needed to reach high temperatures, reducing the
economic feasibility of the process. More often than not, direct catalyst heating requires the
challenging development, validation, and scale-up of new catalyst materials. Accordingly, alternative
solutions have been proposed that rely on heating metallic reactor tubes directly. This brings the
advantage of being able to use conventional catalysts, but suffers in terms of efficiency: heating up
only the tube surface increases heat loss to the environment and creates inefficient and non-uniform
heating in the catalyst bed.

To overcome these limitations, we propose an innovative alternative design that provides high-
temperature heat to thermocatalytic processes, schematically shown in Figure 1. The concept employs
inductive heating through the use of a magnetically susceptible workpiece [16]In this concept,
electromagnetic induction is being used to heat reactor internals without direct contact. The reactor
thus comprises a non-metallic (e.g., quartz or ceramic) reactor surrounded by an induction coil, which
generates alternating magnetic fields. These fields induce eddy currents in work piece, which heats
up and transfers heat to the catalyst bed and the reactants inside the reactor, thereby improving
energy efficiency and heating rates. A modular coil configuration additionally allows for spatially
resolved heating zones. This means the temperature in the reactor can be finetuned while it also
supports scalable reactor geometries. This makes the concept suitable for both laboratory-scale and
industrial-scale operations. It is therefore particularly relevant for green chemistry processes, where
clean, efficient, flexible and controllable heating is paramount. According to the novel concept, we
focus in this study on the use of a thin, three-dimensional (3D) metal workpiece which is placed inside
the catalytic bed of a quartz reactor. This design allows the catalyst to receive electromagnetic waves,
and the 3D workpiece can be shaped in many forms to create a uniform and efficient heating of the
bed, reducing heat loss and enhancing overall thermal efficiency.
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Figure 1. Inductive heating of a chemical reactor using a workpiece.

The current paper describes experimental validation of ammonia cracking using induction
heating in lab-scale experiments, employing a 3D metal structure as work piece inside the reactor as
a direct heat source. The performance of the inductively heated reactor is also compared to
experiments cracking ammonia in a conventional electric furnace. The electric power and current
necessary to perform the experiments were measured and correlated to the temperature created
inside the reactor. Finally, the energy efficiency was compared for inductive heating and conventional
external heating, highlighting the benefit of induction heating in creating a more constant reactor
temperature.

2. Materials and Methods

The goal of this study is to evaluate the performance of inductively heating an ammonia cracking
process with a 3D metal workpiece located in the centre of a quartz reactor packed with Ni/ALOs (~
65% Ni) catalyst. The experiments were performed with 3 different reactor configurations

1.  The metal 3D workpiece
2. The metal 3D workpiece and the Ni/Al2Os (~ 65% Ni) catalyst
3. Only the the Ni/Al2Os (~ 65% Ni) catalyst

2.1. Experimental Setup

The experimental setup used to perform the experiments can be seen in Figure 2 and the diagram
detailing the different equipment can be seen in Figure 3.
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Figure 2. Diagram of the experimental setup.

Figure 3. Photo of the induction heating experimental setup.

In this experimental setup, a gas mixture composed of 10% ammonia and 90% argon is
introduced at the bottom of a quartz reactor, which is operated in ambient pressure, and is tested in
three different configurations: using only a metal 3D workpiece, using the workpiece together with a
Ni/AlO:; catalyst (containing approximately 65% nickel), and using the catalyst alone. The catalyst is
mixture of Ni/AlOs containing approximately 65% nickel provided by Sigma-Aldrich with a surface
area of around 175 m?/g and pelletized to a sieve fraction of 212—-420 um[17].

Temperature inside the reactor is measured using fiber optic sensors based on Fiber Bragg
Grating (FBG) technology with 5 measurement points. This method was chosen since it is not made
of metallic materials that can be affected by the electromagnetic field created by the induction heater.
The signals are transmitted to a Sentea DM8125 interrogator, which supports up to eight fiber
channels, each capable of reading ten sensors. The data is then sent to a computer where it can be
read and analyzed.

The heating is controlled by an Ambrell Easyheat 8310 induction heater, which operates in the
150-450 kHz frequency range and delivers up to 10 kW of power and operates at frequencies between
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238-247 kHz. The induction system is water-cooled, requiring a heat exchanger to manage thermal
loads.

The electric power consumption is measured with a digital power meter for each experiments
on all of the reactor configuration at different temperature levels. These measurements reflect the
total power used by the induction heating system, also including the cooling box (Hyfra type Chilly
3-5) and the infrared pyrometer (Yokogawa UP55A), which is part of the setup for temperature
monitoring, but was not used during the experiments.

The composition of the gas leaving the reactor is determined by a mass spectrometer (MS)
Thermo Star from Pfeiffer Vacuum, which evaluates the signal of each component over time. The
results are transferred to a computer for further interpretation.

For this work, the ammonia cracking reaction was also performed with the same catalyst and
feed in an electric vertical placed furnace as seen in Figure 4. The reactor is made of steel and has
similar dimensions to the quartz and the temperature measurement in this case is done by a
thermocouple at the outer wall of the reactor.

Figure 4. Electric vertical placed furnace.

2.2. Reactor Configuration

The reactor configuration used to perform the experiments can be seen in Figure 5, where the
left image contains just the workpiece and the right one is filled with the Ni/Al:Os catalyst. The
detailed diagram of the reactor can be seen in Figure 6.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0817.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2025

d0i:10.20944/preprints202510.0817.v1

6 of 17

Figure 5. Close up pictures of the quartz reactor with just the workpiece inside (left) and with the catalyst added
(right) inside of the induction heating coil.
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Figure 6. Diagram with dimensions of the quartz reactor.

The glass optic fiber is placed at the center of the reactor and provides five temperature
measuring points (FBG), which are represented by the red points in Figure 6. These FBGs are placed
8 mm apart from center to center, being able to determine the temperature profile along the reactor
length. The workpiece is made of EN 1.0314 steel which is a is a non-alloy steel with a typical
composition of 99.365 to 99.78% Iron (Fe), 0.2 to 0.4% Manganese (Mn), 0 to 0.1% Silicon (Si), 0.020 to
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0.060% Aluminum (Al), and 0 to 0.030% Carbon (C). The workpiece was assembles by folding and
welding a Mesh wire sheet with square grid opening of 3.918 X 3.918 mm and wire thickness of 700
pm.

3. Results

To evaluate the performance of the 3D workpiece in providing heat to the reaction zone, the
three concepts will be compared in terms of temperature distribution inside the reactor, heating rates,
and power consumption. Additionally, the gas outlet composition will be monitored through the MS,
specifically the ammonia signal for both the catalyst-workpiece system and the catalyst alone. Finally,
the ammonia conversion in the reactor using the workpiece-catalyst system will be compared with
results from a similar analysis conducted in an electric oven to assess whether electromagnetic
heating of the catalyst affects reaction performance.

3.1. Electric Power and Current
After the experiments were completed, the correlation between outlet temperature and electric
power was created and can be seen in Figure 7.
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Figure 7. Electric power necessary to heat up the reactor to a certain temperature.

The performance of using just the catalyst as heat source was measured and used as the
benchmark of the direct catalyst heating concept as discussed in the Introduction. However, the
heating in this case is highly inefficient since a lot of electric power is required to reach even lower
temperatures in spite of the high nickel loading. For example, to reach a temperature of 116 °C, the
configuration with only the catalyst requires 138 W, meanwhile the configurations with the
workpiece require only 44 W to reach similar temperature.

The 2 configurations containing the workpiece present similar behavior until around 530 °C
when the power curve of the reactor with just the workpiece start to rise steeply. This can be
associated to increased heat losses at high outlet gas temperatures and the system needs to supply
more electrical power to maintain the temperature. Meanwhile the power curve for the catalyst +
workpiece keeps rising at a constant pace due to the catalyst contributing to distributing and
retaining of heat across the reactor bed, reducing overall heat losses. Even with the lower magnetic
susceptibility of the nickel catalyst, compared to that of the iron workpiece, the catalyst starts to
contribute to the inductive heating. At around 650 °C the workpiece alone requires about 135 W,
while the combined system reaches the same temperature using only 97 W, making this the most
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efficient reactor configuration for higher temperatures. However, at lower temperatures, the catalyst
+ workpiece reactor requires slightly less electric power since it only needs to heat up the reaction gas
meanwhile when the catalyst is added, there is a higher mass that needs to be heated.

These results further validate our claims that relying on catalysts to provide heat is not always
an effective strategy and the use of a workpiece can drastically improve the efficiency of the power

usage.
Alternatively, the experiments with the electric tube oven demanded on average 225 W to heat

up the furnace form 20 °C to 600 °C and later required 178 W to keep the furnace at 600 °C.
Meanwhile, to operate the induction heating at 600 °C the reactors with the workpiece and with both
workpiece and catalyst needed 110 W and 93 W, respectively.

These results indicate that, in terms of electric power usage, the most efficient reactor
configuration at high temperatures is when the catalyst and workpiece are used together; followed
by the workpiece alone; the electric furnace and the least efficient configuration is the one with just

the catalyst.

3.2. Temperature Profile of the Reactor with Just the Workpiece

Figure 8 represents the heating rate of the reactor with just the workpiece inside to determine its

performance without the effect of the catalyst.
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Figure 8. Temperature profile inside the induction heating reactor with just the workpiece as heat source. FBG 1
is the measurement point closer to the outlet of the reactor and FBG 5 is the measurement point closer to the

inlet of the reactor.
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These experiments involved increasing the power input of the induction heating device to
determine the response time and heating rate inside the reactor, starting from ambient until the
desired temperature. The reactor achieved an initial heating rate of 600 °C per minute, reaching the
650 °C setpoint in about 3 minutes and stabilizing at that temperature. The temperature inside the
reactor was kept constant for the desired amount of time and the initial cooling rate was 434 °C per
minute, requiring 7 minutes to return to ambient temperature from 650 °C.

When analyzing the temperature profile inside the reactor, it was observed that the three
measurement points near the end of the reactor (FBG 3, 2 and 1) reached similar temperatures after
the 370 °C setpoint. However, the temperature sensor near the inlet (FBG 5) showed significantly
lower temperatures with up to 80 °C difference, due to the gas entering the reactor at ambient
temperature. At the highest temperature setpoint, the temperature distribution along the reactor was
uniform, except near the inlet.

Therefore, the induction heating of the reactor with just the workpiece proved to be highly
effective in achieving rapid and uniform heating within the reactor. The rapid heating and cooling
rates demonstrate the system’s potential for precise and dynamic temperature control.

3.3. Catalyst: Temperature Profile and Ammonia Signal

Figure 9 shows the temperature profile inside the induction heating reactor (left axis) and MS
signal for ammonia with just the Ni/AL2Os ( 65% Ni) catalyst heat source.
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Figure 9. Temperature profile inside the induction heating reactor(left axis) and MS signal for ammonia with
just the Ni/AI203 (~ 65% Ni) catalyst heat source. FBG 1 is the measurement point closer to the outlet of the
reactor and FBG 5 is the measurement point closer to the inlet of the reactor.

With the Ni/ALOs (~65% Ni) catalyst as the only heat source, the temperature profile in the
middle region of the reactor (FBG 2, 3 and 4) rises higher than at the extremities (FBG 1 and FBG 5).
This results show that the temperature profile in the reactor is not uniform for a maximum reactor
operating temperature of 124 °C. The reaction temperature was not increased further due to elevated
electric power demand, as seen in Section 3.1.
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On the right axis of the reactor, the MS signal that indicates the ammonia content in the reaction
gas can be found. For this catalyst, ammonia only starts being converted when temperatures are
around 200 °C. The change in the signal is due to adsorption and desorption of the ammonia on the
catalyst based on the temperature difference generated by the catalyst particles being heated by the
induction heater. Initially, ammonia is adsorbed on the catalyst surface, and as the temperature
increases, desorption peaks are observed

This phenomenon is also found in conventionally heated rectors, where energy is delivered from
the outside of the reactor toward the catalyst bed, which results in slower temperature rise and more
gradual desorption of ammonia across the surface. Making this desorption peak not easily noticeable.
However in induction heating of a catalyst, the particles are directly heated, producing rapid and
localized heating inside the bed, leading to more pronounced desorption peaks.

From the last ammonia signal change in Figure 9, there are 2 peaks, the first relates to the
ammonia release before the entire reactor reaches its maximum temperature, because the local
catalyst temperature has already risen enough to trigger desorption. Then the signal starts to drop
until it reaches the signal corresponding to the ammonia flowing through the reactor, represented by
the second peak. When the induction heating is turned off and temperature goes down, ammonia is
again adsorbed on the catalyst surface, and the signal drops.

3.4. Catalyst + Workpiece: Temperature Profile and Product Composition

Figure 10 represents the heating rate of the reactor with the workpiece and the catalyst inside.
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Figure 10. Temperature profile inside the induction heating reactor with both the workpiece and catalyst as heat
source. FBG 1 is the measurement point closer to the outlet of the reactor and FBG 5 is the measurement point

closer to the inlet of the reactor.

The reactor configuration with both the workpiece and the catalyst present shows that the
behavior of the heating curves is a combination of both graphs, with each component present
individually.

When compared to the concept with just the workpiece, one of the main differences is that the
heating rate is much lower. At a temperature setpoint of around 590 °C, the combined workpiece-
catalyst system achieves a rate of approximately 134 °C per minute, requiring nearly 13 minutes to
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reach the maximum temperature, but it does not fully stabilize. In contrast, when using only the
workpiece, the reactor reached 581 °C at a rate of approximately 500 °C per minute, stabilizing at the
target temperature in just 3.7 minutes. This shows that heating with both sources is roughly three
times slower.

Another noticeable characteristic is that the temperature distribution along the reactor is less
uniform, more similar to the results using just the catalyst. For similar temperature setpoints, the
reactor with just the workpiece showed an average temperature difference between the coolest point
near the inlet (FBG 5) and the hottest point in the reactor(FBG 1 or 2), is approximately 70 °C. In
contrast, when the catalyst is added, this temperature difference increases to around 150 °C. The
catalyst does not contribute significantly to the heating of the gas, as the electrical power is insufficient
to cause any significant heating. The primary reason for this behavior is that when the catalyst is
introduced in addition to the gas, a much larger solid mass needs to be heated making it more difficult
for heat to spread evenly throughout the bed. As a result, the overall temperature distribution along
the reactor becomes less uniform.

In Figure 11, the mass spectrometer signals of the components present in the gas leaving the
reactor can be seen and correlated with the temperature profiles in Figure 10.
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Figure 11. Mass spectrometer signals of the components present in the gas leaving the reactor.

As discussed in chapter 3.3, the induction heating of the catalyst creates noticeable adsorption—
desorption curves, but in the case of catalyst+ workpiece, this signal is significantly sharper,
particularly at elevated temperatures.

At lower temperatures, the ammonia signal remains above zero even after the desorption peak
because a constant flow of ammonia continues to pass through the reactor without being converted.
The catalyst mainly adsorbs and releases ammonia, but the temperature is not yet high enough to
complete the cracking of the feed, which remains unreacted. By contrast, at higher temperatures, the
ammonia profiles become sharper and are immediately followed by a signal that drops to nearly zero.
This indicates that after the initial burst of desorbed ammonia, the incoming feed is fully consumed
through catalytic decomposition into nitrogen and hydrogen.

Furthermore, the conversion process appears to exhibit highly dynamic behavior. Each heating
cycle produces a nearly immediate change in the chemical composition at the reactor outlet, which is
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directly linked to the temperature change created by the induction heating device. Once the reactor
temperature is high enough to complete the reaction, the conversion from ammonia to hydrogen and
nitrogen can rise from nearly zero to full within the same time frame. Such fast kinetics are difficult
to achieve with conventional heating, where the temperature increases gradually from the wall to the
center. The fast response of both the temperature and gas-phase signals reinforces the advantages of
induction heating in catalytic systems.

3.5. Catalyst + Workpiece: Ammonia Conversion on Induction Heating and Electric Furnace

The conversion curves presented in Figure 12 show the relationship between outlet gas
temperature and ammonia conversion for both induction heating (catalyst + workpiece) and a
conventional electric furnace with a reactor tube filled with the same catalyst, plotted against the
theoretical equilibrium line.
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Figure 12. Ammonia conversion curve as a function of the outlet gas temperature for induction heating reactor
with the catalyst and workpiece compared to the conversion curve of the electric tube furnace and the theoretical

equilibrium curve of the ammonia cracking reaction.

The conversion curves demonstrate that the Ni/AL:Os catalyst achieves a steady increase in
conversion with temperature, reaching complete decomposition above 500 °C. From these
measurements, no significant differences in catalytic performance between the two heating methods
are observed. This suggests that induction heating does not alter the performance of the catalyst used
for the ammonia cracking reaction, or that the differences cannot be determined by the measurement
method used in this study.

3.6. EDX/SEM Analysis of the Workpiece

In Figure 13, the images captured with scanning electron microscopy(left), highlighting surface
morphology and Energy Dispersive X-ray Spectroscopy(right) containing the color-coded elemental
maps indicating the presence of various elements. The top 2 pictures refer to the unused workpiece
and the bottom 2 pictures refer to the workpiece after all of the experiments have been completed.
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Figure 13. Images captured with scanning electron microscopy(left) and Energy Dispersive X-ray
Spectroscopy(right) containing the color-coded elemental maps indicating the presence of various elements. The
top 2 pictures refer to the unused workpiece and the bottom 2 pictures refer to the workpiece after all of the
experiments have been completed.

The unused workpiece displays a smoother surface with visible machining marks and limited
localized defects. After the experiments, the workpiece exhibits a rougher texture, with more
pronounced irregularities, indicating structural changes likely caused by thermal cycling and
chemical interaction during the experiments. These transformations are typical in catalytic and high-
temperature environments and reflect the material’s adaptation to stress and reactive conditions. The
elemental mapping also highlights variations in the distribution of elements which can be seen in
details in Table 1.

Table 1. values related to the composition of the surface for both used and unused workpieces.

Element Unused Workpiece Used Workpiece
Fe 38.7 87.7
Cu 51.0 4.6
C 6.7 4.6
o 3.2 1.4
Ni — 0.8
Mn - 04
Si 0.1 0.3
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Cr - 0.2

First noticeable change is the increase in Fe and the decrease in Cu surface composition in the
used workpiece when compared to the unused. Initially, the workpiece consisted of mostly iron
coated with a copper layer, this is a common practice from some manufacturers to protect the metal
workpiece from corrosion before it can be used [18]. However, this copper layer was not visible
anymore after the first experiments and almost completely removed after the end of the experimental
campaign. Instead, it reveals the actual composition of the metal which is mainly made of iron with
some other typical components typically found in metal alloys such as Ni, C, Mn, Cr. However, it is
unclear if the Ni found in the used workpiece is only due to metal alloy composition or the Ni
particles from the catalyst were deposited in the surface. The oxygen content also decreased,
reflecting the reducing environment of ammonia cracking reaction, which strips away the surface
oxides.

Overall, there were no critical changes in the workpiece after all of the experiments were
completed. The only structural changes likely caused by thermal cycling and chemical interaction are
to be expected from any chemical operation with this kind of material.

4. Discussion

The study successfully investigated the performance of inductively heated ammonia cracking
reactor using a 3D metal workpiece as main heat source to overcome limitations of this technology
present in in literature, which consists in heating up only the catalyst particles. The experiments
showed that the reactor configuration containing both the workpiece and the catalyst was the most
efficient in terms of electric power usage to achieve high temperatures; followed by the workpiece
alone; the electric furnace; and the least efficient configuration is the one with just the catalyst.

The most studied catalysts for ammonia cracking contain either nickel or ruthenium as the active
metals. Nickel-based catalysts are widely used for ammonia decomposition due to their balance of
high activity, reasonable cost, and acceptable stability [19,20]. However in specific cases where
selectivity or long-term stability is crucial other materials may be preferred such as ruthenium based
catalysts, which exhibit excellent catalytic activity and selectivity for ammonia decomposition and
high stability [21]. However, they are expensive and usually found in small amounts( < 5% wt) and
not enough to generate enough heat with induction heating.

As discussed in the Introduction, most of the current applications of induction heating in
chemical processes focus on directly heating the catalyst itself. However, as seen in this paper,
Ni/AlO:s catalyst, even with 65% Ni particles, was not enough to generate heat to even start cracking
the ammonia at low electric power usage. If a Ru based catalyst is used with a loading of 5% wt. or
less, it is unlikely that the particles will generate enough heat in an uniform way inside the reactor.
This makes this configuration unable to benefit from advantages of induction heating. Therefore, the
introduction of the 3D workpiece increases the flexibility of applying induction heating to catalytic
reactors while allowing the catalyst particles to benefit from the electromagnetic waves. In contrast
to newly developed catalyst materials, it allows the use of a conventional catalyst, while still
benefiting from the advantages of induction heating [22,23].

As seen in Section 3.2, the use of the 3D workpiece alone proved to be the most effective in
achieving rapid and uniform heating within the reactor. This technology allows induction heaters to
be applied to thermal cracking reactions and benefit from the precise, dynamic and stable
temperature control that is provided. This will limit catalyst deactivation as recently extensively
reviewed by Kim et al. [24]. Furthermore, different materials and 3D designs of the workpiece can be
studied to create the most optimal and uniform temperature distribution in the reactor. Furthermore,
the fast response of both the temperature and gas-phase signals reinforces the advantages of
induction heating in catalytic systems. The conversion process with the catalyst + workpiece system
appeared to exhibit a high dynamic behavior. Once the reactor temperature is high enough to
complete the reaction, the ammonia conversion can rise from zero to full in a few minutes. Such fast
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kinetics are difficult to achieve with other heating methods, where the temperature increases
gradually from the wall to the center.

The fast adsorption and desorption cycles created by the induction heating can benefit other
applications, such as the ones that require rapid and efficient gas separation. For example Pressure
Swing Adsorption and Temperature Swing Adsorption systems could benefit from induction heating
since they rely on fast cycles to separate gases. Furthermore, the fast adsorption-desorption cycles
can potentially enhance the efficiency of reactions by quickly removing by-products and regenerating
the catalyst surface, extending its lifetime. However, further testing needs to be done to confirm these
claims.

Finally, the workpiece itself requires further conceptual development as well as practical
validation. The currently employed workpiece already presents an improvement over for example
the use of steel beads [25] in terms of allowing accessible reactor volume for catalyst particles, and
localizing the heat generation. In this work, physical changes were observed to the workpiece. While
no performance degradation was observed, further long-term tests will be performed to confirm the
stability of the system. Moreover, the proposed workpiece can be further optimized for heat
generation in terms of wire thickness and mesh size. The addition of conductive strands can further
contribute to the effective thermal conductivity of the bed, while not necessarily adding circuits for
eddy currents [16]. In this respect, computational fluid dynamics modeling can be used to better
understand heat and gas transport inside of the reactor and optimize the overall process efficiency.
In this context, Noble et al. have recently proposed configurations for reactor diameters above 1 m in
diameter, provided higher voltage radio frequency sources can be developed, for the production of
chemical intermediates from renewable feedstocks [26]. This could help creating an optimal design
of the 3D workpiece and material choice, making induction heating even more effective for ammonia
cracking and similar reactions.

5. Conclusions

This study proved experimentally the benefits and efficiency of applying induction heating to
the process of ammonia cracking in lab-scale experiments with 3 different reactor configurations: (1)
a 3D metal workpiece; (2) a 3D metal workpiece and Ni/Al:Os catalyst; and (3) Ni/Al2Os catalyst only.
The performance of the inductively heated reactor is also compared to the one using an electric
furnace. The results showed that the reactor configuration containing both the workpiece and the
catalyst was the most efficient in terms of electric power usage to achieve high temperatures quickly;
followed by the workpiece alone; the electric furnace; and the least efficient configuration is the one
with just the catalyst. The introduction of the 3D workpiece in the catalytic bed exhibited a high
dynamic behavior, creating fast response of both the temperature and conversion levels.
Furthermore, SEM/EDX analysis confirmed no significant structural or compositional changes in
workpiece after all of the experiments were completed. Overall, the use of the 3D workpiece in
inductively heated reactors enhances the overall performance of the process and presents a promising
solution to the challenges associated with traditional heating methods. Future research should focus
on optimizing the design and material composition of the workpiece to further enhance its
effectiveness.

6. Patents

The work presented in this paper, specifically related to the use of a work piece in a
heterogeneous catalyst bed, builds on a concept developed earlier. Patent W(02023126484A1
describes the use of heating structures within a reactor for inductive heating, which greatly improve
the heating within the reactor [16]. Placing the heating structure results in a more homogenous
temperature distribution throughout the reactor interior, which may lead to higher yields, better
selectivities, faster adsorbent regeneration, reduced catalyst degradation rates and higher heating
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rates. The heating structure is formed by connected strands and has areas that are susceptible to
induction heating.
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