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SYNOPSIS

Reversing the order of plasma and thermocatalytic reactors of an ammonia cracking process

reduces the energy need and saves catalyst.



ABSTRACT

An innovative process design for ammonia decomposition through reversed plasma catalysis is
proposed. Reversed plasma catalysis involves a partial thermocatalytic conversion of the ammonia
feed prior to a warm plasma conversion process of the residual ammonia. Lab-scale experiments
confirm the potential to achieve 98.2% ammonia conversion using a ruthenium-based catalyst in
combination with a Gliding Arc Plasmatron (GAP). Process modeling reveals an efficiency gain
of using the excess heat available from the warm plasma reactor to support the endothermic
thermocatalytic ammonia cracking. In this study, the reversed plasma catalysis process was
compared to thermocatalysis and plasma catalysis process designs under identical reactor
conditions, revealing similar energy and exergy efficiency for plasma catalysis and reversed
plasma catalysis. The significant advantage of reversed plasma catalysis is the major catalyst
savings up to 60% compared to plasma catalysis and thermocatalysis. These catalyst savings also
reduce the reactor size, making reversed plasma catalysis a promising approach for efficient

ammonia decomposition.

INTRODUCTION

Ammonia (NH3) has emerged as promising hydrogen carrier due to its high volumetric hydrogen
atom content, ease of liquefaction, and existing infrastructure '*. The key remaining challenge is
the development of technology for large-scale ammonia decomposition. Substantial research
efforts are being directed toward developing affordable, energy-efficient, and flexible ammonia

decomposition processes '+



The most widely explored option is thermocatalytic cracking, but it is limited by the
thermodynamic equilibrium of maximum ammonia conversion levels . The NH3 decomposition
reaction is thermodynamically favored at elevated temperatures (> 300°C) and low pressures (1
bar) 7. At 350°C, the theoretical maximum conversion is limited to 99%. In theory, gaining
additional conversion up to, e.g., 99.9% necessitates heating to 530°C. In practice, achieving such
high NH3 conversion requires temperatures of 600-800°C 8. Heating the gas feed and catalyst bed
to such high temperatures requires energy and, therefore, reduces energy efficiency. Operation at
high temperatures also limits the catalyst lifetime. Moreover, elevated temperatures are typically
generated by combusting fuel, which may be natural gas or the hydrogen (H2) product itself, or the
NH: feed 3. The first option entails CO2 emission, causing the process to lose its green label,
while the second and third option lower the hydrogen yield. One way to reduce the required
temperature while maintaining high NH3 conversions is to increase the residence time, which can
be achieved by enlarging the reactor and increasing the amount of catalyst '°. However, this
significantly impacts the cost.

Plasma technology is a promising alternative to overcome thermodynamic limitations of
endothermic cracking reactions. Plasma is an ionized gas with free electrons, ions, radicals,
vibrationally and electronically excited molecules, and photons '!2. The energetic electrons
activate molecules of the gas which itself does not have to be heated 2. Additionally, plasma
reactors are powered by electricity and can be quickly switched on/off, enabling the utilization of
renewable intermittent electricity sources '3,

Plasmas are classified into three main types: cold, which has high-energy electrons but
keeps gas molecules unheated; thermal, in which the electrons and gas molecules reach similar

high temperature (~10,000°C); and warm, with similar electron temperatures but with gas



temperatures below ~5,000°C . Due to the low gas temperature in cold plasma, non-equilibrium
conditions caused by molecular transformations persist best in the reaction products !2. In the case
of ammonia decomposition, state-of-the-art cold plasma processes do not meet the high conversion
and low energy consumption requirements '°. The reason is that the electrons mainly give rise to
electronic excitation and ionization, which requires more energy than is strictly needed, and this
excess energy is wasted. Vibrational excitation is more important in warm plasma. In warm
plasma, the product composition may reflect the thermodynamic equilibria at very high
temperatures, overcoming the thermodynamic equilibrium limitations of the NH3 decomposition
reaction at lower temperatures '®. Thus, the NH3 decomposition process in warm plasma is free
from the influence of reverse reaction, which is not thermodynamically favored in these conditions.
Nevertheless, warm plasma struggles to reach high NH3 conversions despite its more favorable
energy consumption '4,

The combined use of plasma and catalyst in so-called plasma catalysis has been proposed to
improve the performance of chemical conversion processes. Plasma enables additional reaction
pathways, which may be unavailable on solid catalysts !7. Positioning a catalyst inside plasma is
possible in cold plasma reactors, such as those with dielectric barrier discharge (DBD), which are
the most studied subset of reactors for plasma-catalytic NH3 cracking (Table 1). For instance,
Wang et al. (2024) reached about 100% conversion, but at the expense of a high energy cost of
888 kJ.molnu3™! using a DBD featuring an in-plasma Mo2N catalyst '8, The research into plasma-
catalytic conversion in warm plasmas has been limited to a few works using gliding arc (GA)
reactors in post-plasma configuration. In one case, a warm plasma reactor of the non-thermal arc
plasma type (NTAP) having a post-plasma NiO/Al2Os catalyst has been reported achieving a

record low energy cost of 157 kJ.molnu3™!, but the NH3 conversion was limited to ca. 20% °.



Plasma catalysis, such as DBD with an in-plasma catalyst, can achieve high conversions but has
very low energy efficiency 2*2!. Moreover, the physical combination of plasma and catalyst may

present challenges for catalyst stability, especially in conditions provided by warm plasma 2223,

Table 1: Overview of experimental atmospheric-pressure plasma-catalytic NHs cracking from

literature. Energy cost (kJ.molxus ™) does not include compression of product gas from 0.1 MPa to

5 MPa.
NH; feed

Plasma Catalyst Design concentration 1o (°C) NHE‘E;HV' (If(?.eril%){Nij'slt) Ref.
(%) '
DBD Fe:N In-plasma 100 410 100 841 24
DBD Co/SiO; In-plasma 100 450 99.2 755 %
DBD Fe-Ni/SiO, In-plasma 100 500 100 540 26
DBD Co/SiO; In-plasma 100 380 98 343 2
DBD Ru/ALO3 In-plasma 0.5 RT 86 157,000 28
DBD MgALOy4 In-plasma 100 RT 15.1 2,494 29
DBD Ru/La,Os3 In-plasma 100 380 99.9 404 30
DBD Ru/La,0s In-plasma 100 RT 20 2,017 30
DBD Mo,N In-plasma 100 490 92 1,462 3
DBD MooN In-plasma 100 RT 100 888 32
DBD Ni/ALO; In-plasma 15 435 99.6 3,601 18
NTAP NiO/ALO;  Post-plasma 100 RT 20 157 19
GA Ba-Co/CeO;  Post-plasma 50 RT 70 384 3

We propose an alternative process design for ammonia decomposition, namely reversed plasma

catalysis, having a thermocatalyst positioned in front of the plasma reactor instead of inside or



after (Figure 1) 3*. A complex sort of reversed plasma catalysis having a thermocatalyst
(N1/AL203) in front of a plasma membrane reactor achieving decomposition combined with
hydrogen separation through a membrane has been proposed in literature *>. High NH3 conversion
levels of up to 99.9% were reached, but the energy consumption was high, viz. 696 kJ.molnms™! *°.
Evidence for clear advantages of reversing the order of the processes has not yet been provided.
The concept of reversed plasma catalysis was evaluated through a combination of
experiments and computational simulation. Reversed plasma catalysis was compared fo

thermocatalysis and plasma catalysis regarding energy and exergy use (kJ.molxuz '), and catalyst

use (geah.molnuz ™). The latter parameter also reflects the required thermocatalytic reactor size.
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Figure 1: Plasma catalysis (in-plasma and post-plasma) and reversed plasma catalysis process

designs.



RESULTS AND DISCUSSION

Partial NH3 cracking can be conducted efficiently on a thermocatalyst without requiring
temperatures exceeding 500°C, avoiding expensive reactor construction materials "*’. Reaching
the NH3 conversion limit dictated by the thermodynamic equilibrium between ammonia and its
decomposition products is very demanding for a thermocatalytic reactor. Conversely, plasma is
energy-intensive for converting NH3, but it is well-suited for achieving the conversion of the
residual unconverted NH3 left over after a thermocatalytic decomposition. Plasma operates on
electric power, which is partially converted into chemical energy in the endothermic NH3 cracking
reaction and partially converted into heat, especially in thermal and warm plasma 8. This excess
heat can serve as a heat source for the endothermic thermocatalytic process. Moreover, plasma
reactors have a simple design, and don’t need expensive materials *. The power supply constitutes
the primary contributor to the capital cost of the plasma reactor, which is expected to decrease with
technological advancements and large-scale adoption of plasma technology, ultimately resulting
in a lower overall CAPEX.

A particularly effective catalyst described in literature was selected, viz. potassium-
promoted ruthenium on alumina 7*°. The catalyst, denoted as 10K/5Ru/Al203, was synthesized
using incipient wetness impregnation of subsequently Ru and K precursors onto alumina with
nominal weight ratios of 10/5/100. The catalytic performance was evaluated in a continuous flow
fixed bed microreactor using pure NH3 flow. Experimental details can be found in the
supplementary information (SI, section 1).

The most efficient warm plasma reactor type was found to be the Gliding Arc Plasmatron

(GAP) '*, which was also proven effective for other gas conversion applications *'**. This plasma



reactor was fed with a gas mixture simulating the outlet of the thermocatalytic reactor.
Experimental details can be found in the SI (section 2).

The thermocatalytic reactor reached an NH3 conversion of 92.3% at 410°C at a WHSV of
4.4 h! (GHSV of 5,800 mLnus.geat'.h™"). The reaction product has a gas composition of 4 vol%
NHs, 72 vol% H2, and 24 vol% Nz. Using such mixture as feed, the GAP plasma reactor
decomposed 77.2% of the NH3 contained in this gas mixture at a reaction rate of 0.06 molnns.h!
with an energy consumption of 1,600 kJ per mol of cracked NH3 by plasma. Based on literature
data 46 specifications of existing commercial plasma devices (e.g., Hypertherm HPR400XD,
Oerlikon-Metco FlexiArc™ 300), and experimental results obtained with suboptimally matched
power supplies !4, it can be reasonably assumed that, with proper matching to the plasma setup,
the power supply efficiency can reach at least 90%. Using this efficiency value as a baseline, the
actual energy consumption amounts to 1,750 kJ per mol of cracked NH3 by plasma. This energy
requirement pertains to the two reactors in the reversed plasma catalysis process, as the plasma
reactor delivers the heat for the thermocatalytic reactor. Consequently, the overall energy cost of
cracking the ammonia feed is 105 kJ per mol NH3 converted through reversed plasma catalysis.

Figure 2 represents the process scheme of the reversed plasma catalysis process with a
thermocatalytic reactor (1) followed by a GAP plasma reactor (2). A heat exchanger (3) is added
to recover the heat generated in the plasma reactor and use it to heat the thermocatalytic reactor.
A compressor (4) is added to compress the produced gas to 5 MPa.

The reversed plasma catalysis process was simulated using the Aspen Plus V14 software.
The input data can be found in SI (section 3, Table S1). The feed is liquid pure NH3 at -33°C and
atmospheric pressure . The cold NH3 feed is evaporated and heated to 410°C via heat exchangers

with heat coming from the compressor and the hot product gas. Well-insulated heat exchangers



were assumed with a significant temperature difference between the hot inlet and cold outlet. The
hot feed is directed into the thermocatalytic reactor, decomposing 92.3% of the pure NH3 feed.
The outlet gas mixture contains 4 vol% NH3 and is fed into the GAP plasma reactor, which
converts 77.2% of this remaining NH3. The plasma reactor is simulated as a combination of a
heater and a reactor making no by-products. The hot product gas of the plasma reactor has an outlet
temperature of about 2000°C, which agrees well with literature-based experiments with the same
plasma reactor 4. The hot gas serves as a heat source for maintaining the catalytic reactor at its
operating temperature of 410°C and preheating the NH3 feed. The overall NH3 conversion reaches
98.2%, of which 92.3% is achieved by thermocatalysis and 5.9% by warm plasma. The final gas
composition at the outlet of the reversed plasma catalysis process corresponds to 0.9 vol% NH3,
74.3 vol% Hz, and 24.8 vol% N2. The remaining 0.9 vol% NH3 in the gas product could be purified
downstream using separation techniques, such as adsorption "*®%°. However, approaching full
conversion in a single pass process is crucial to avoid significant energy penalties and increased
complexity associated with the additional separation steps and the recirculation of large quantities
of ammonia. A 4-stage compressor located downstream compresses the product gas to 5 MPa, the
desired gas pressure in hydrogen pipelines *°. Four stages are needed due to the maximal allowable
discharge temperature of around 150°C in reciprocating compressors °!. The additional heat
created by the compressor is used to evaporate the liquid NH3 feed.

The energy consumed by the different unit operations: evaporation and heating of the feed,
the heat requirement for the endothermic cracking reaction in the catalytic reactor, and work for
operating the plasma reactor as well as the compressor is presented in Figure 3. The excess heat

generated by plasma and compressor can be recovered as heat required for NH3 evaporation,



preheating and catalytic cracking. Therefore, the net energy consumption (136 kJ.molnus™) is

entirely determined by the plasma process (105 kJ.molnus™') and compression (31 kJ.molnus™).
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Figure 2: Scheme of reversed plasma catalysis process, comprising a thermocatalytic reactor
with 10K/5Ru/Al20O3 catalyst (1), a GAP plasma reactor (2), a heat exchanger (3) and a
compressor (4). Conversions are obtained from experimental data. Heat integration is indicated
by heat exchangers between compressor and liquid feed, and hot plasma outlet stream and

gaseous feed.
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Figure 3: Energy requirements of reversed plasma catalysis process with energy recovery.
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To demonstrate the potential of the reversed plasma catalysis process, it was experimentally
compared to both the thermocatalysis and plasma catalysis (post-plasma) process designs. The
processes were operated under identical conditions: at the same current and gas flow rate for the
GAP plasma reactor and the same temperature for the catalytic reactor. In all cases, the NH3
conversion reached 98.2%. The plasma process alone was disregarded as it was not able to reach
the 98.2% conversion target as standalone technology. More specifically, the GAP plasma reactor,
operating under the same conditions, reaches only 24% conversion of pure NH3 with an energy
consumption of 231 kJ per mol NHs converted in the plasma reactor.

The thermocatalytic process achieves the target 98.2% NH3 conversion at 410°C at a WHSV of
1.6 h'!, corresponding to a catalyst contact time of 10.6 gca.h.molxus™. In this process design, no
smart heat integration is possible, necessitating external heating for both the feed and catalytic
reactor. In the plasma catalysis process, the GAP reactor decomposes 38% of the NH3 feed with
an energy consumption of 230 kJ per mol NHs converted by plasma operated at 644 W. In order
to obtain the 98.2% overall conversion, the catalyst has to decompose 97.1% of the remaining
NHs, which, at 410 °C, could be reached at a WHSV of 1.9 h!, corresponding to a catalyst contact
time of 8.8 gear.h.molnus™.

The experimental results were further analyzed through process simulations in Aspen Plus to
determine the net energy consumption, incorporating smart heat integration between the plasma
and catalytic reactors, as well as between the compressor and feed. The process schemes made by
Aspen for the three process designs can be found in SI (section 3). However, a more significant
parameter for evaluating these processes is the net exergy consumption, which accounts for the

useful excess heat generated >2. Net exergy consumption is determined by subtracting the useful

11



exergy output from total exergy input. The total exergy input is the electricity powering the plasma
reactor and compressor, along with the chemical exergy of the NH3 feed. The useful exergy output
consists of the chemical exergy of the product and the exergy of the excess heat, which increases
with its temperature %% Detailed calculations are provided in SI (section 4). The net energy
consumption, net exergy consumption and catalyst need for the three processes are summarized in

Table 2.

Table 2: Comparison of process performance characteristics to obtain a 98.2% overall NH3
conversion with 100% liquid NH3 feed and 5 MPa product pressure for thermocatalysis
(10K/5Ru/Al203, 410°C), plasma catalysis (GAP, 10 nL.min"! NH3 flow rate, 644 W —
10K/5Ru/Al203, 410°C) and reversed plasma catalysis (10K/5Ru/Al203, 410°C - GAP, 20

nL.min™! total flow rate with 4 vol% NH3, 723W)

Plasma Reversed
Process design Thermocatalysis catalysis plasmcf
(post-plasma) catalysis
Net energy consumption
(kJ molxis) 78.2 128 136
Net exergy consumption
(kJ molizs ) 46.3 60.4 60.5
Catalyst need
(gcat.h.molnus™) 10.6 8.8 3.9

In terms of net energy consumption, the thermocatalysis process remains the most efficient.
Plasma catalysis shows a slightly lower energy consumption than the reversed process, due to the
higher efficiency of the plasma reactor when operating with a pure NH3 feed. In addition, both

plasma catalysis and reversed plasma catalysis processes from this study outperform plasma-
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based processes reported in the literature (Table 1), which predominantly use cold plasma. The
superior performance can be attributed to the benefits of using a warm plasma, i.e., its higher
energy efficiency and effective utilization of excess heat as a source for catalytic cracking.
Moreover, none of the processes reported in literature account for the energy cost of compressing
the hydrogen product. The similar net exergy consumption for the plasma catalysis and reversed
plasma catalysis concepts reflects the high-quality heat generated in the reversed plasma catalysis
process. To further optimize energy and exergy consumption, plasma energy consumption should
ideally approach the theoretical minimum of 55 kJ.molnns ™.

The most salient feature of reversed plasma catalysis is its drastically lower catalyst
requirement, which is two times lower than in plasma catalysis and almost three times lower than
in thermocatalysis. Positioning the catalyst upstream of the plasma reactor not only reduces the
catalyst cost but also the size of the thermocatalytic reactor, significantly lowering installation
costs. While thermocatalysis exhibits lower energy consumption, the reversed plasma catalysis
process stands out due to its significantly reduced catalyst demand, enabling a much smaller
catalytic reactor size. Future improvements in energy efficiency of the plasma reactor can reduce
the amount of excess heat generated, and therefore lower the energy cost while maintaining the

same advantage in smaller reactor size.

CONCLUSIONS
This study highlights the potential of reversed plasma catalysis as an alternative ammonia
decomposition process design. The innovative reversed plasma catalysis process allows the use of
the excess heat created by warm plasma in the catalytic process, resulting in high conversions at

moderate catalyst temperature (410°C). An overall conversion of 98.2% was achieved, with 92%
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accomplished through ruthenium-based thermocatalysis and 6% through warm plasma. As a future
perspective, replacing ruthenium with a non-precious metal is a viable strategy because of the low
temperature (410°C) and the moderate conversion rate requirement (92%) in the thermocatalytic
reactor (Figure 2).

A comparative study of plasma catalysis and reversed plasma catalysis revealed similar
net energy and exergy consumption, which are both substantially lower than previously reported
in the literature (Table 1). However, compared to thermocatalysis, the reversed plasma catalysis
process is not yet as energy efficient. Improving the energy efficiency of the plasma reactor will
be crucial for enhancing the overall energy performance. Notably, the reversed plasma catalysis
process requires only half of the catalyst mass needed in plasma catalysis and almost one-third of
that in thermocatalysis (Table 2). This results in substantial catalyst savings and downsizing of
the reactor. This advantage positions the reversed plasma catalysis process as a competitive

alternative for ammonia decomposition.
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Section 3: Aspen Plus input data used for process modeling and simulation of the reversed plasma
catalysis process, including component specifications and process parameters. And Aspen plus
process schemes for the three compared processes

Section 4: Exergy analysis of the three compared processes, including equations and results.
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Section 1: Experimental work on thermocatalytic cracking

Catalyst preparation and characterization

The decomposition catalyst is composed of K/Ru/Al,03 with a nominal weight ratio of 10/5/100. y-Al,O3 pellets (Alfa Aesar)
were crushed and sieved. The particle fraction of 125-250 um was calcined for 5 h in air at 550°C. Ru was first loaded on the
alumina powder by incipient wetness impregnation with an aqueous solution of RuCl;.xH,0 (Strem Chemicals Inc, > 99,9%).
This powder sample was then dried at room temperature overnight and at 120°C for 5 h, and calcinated in air at 550°C for 5
h (with a heating rate of 1°C.min1). This powder was defined as 5Ru/Al,03; sample. After cooling, potassium nitrate (KNOs)
(Merck, 99%) was next loaded by incipient wetness impregnation on the 5Ru/Al,03; sample, followed by the same drying and
calcination steps. Finally, the sample was again sieved and the 125-250 um particle fraction was used as catalyst powder to
guarantee optimal plug flow through the catalyst bed.

Catalytic decomposition tests

Catalytic NH; decomposition tests were performed in a fixed-bed microreactor. A schematic overview of the reactor set-up is
given in Figure S1. There were two separate gas flow lines: one for NH3 and one for Hy, N; and He, which came together
before entering the reactor. The gasses were supplied by Air Liquide (0-150 mL.min1). The outlet concentration of all gasses
was continuously monitored with a Quadrupole Mass Spectrometer (MS HPR-20 QIC, Hidden Analytical). The outlet flow was
sent through an acid trap preventing the uncracked NHjs to be released in the atmosphere.

7 Catalyst bed
Z

{
455 mg i

— Outlet

1-150 mL/min

Buffer Gas wash
N bottle
Outlet

Figure S1: Schematic overview of the ammonia cracking microreactor set-up.

The catalyst pellets (mass = 455 mg, size = 125-250 um) were fixed in the reactor. A thermocouple was placed inside the
catalyst bed. Prior to a cracking experiment, the catalyst was activated in a flowing gas mixture composed of 20 vol% H in N,
carrier gas at 615°C for 1 h. NH3 cracking tests were performed at atmospheric pressure at selected temperatures in the range
from 615°C to 315°C. The feed gas was pure NH3 or a mixture produced by the plasma cracking of NH3 upstream from the
catalytic reactor. The weight hour space velocity (WHSV) (h1) can be calculated with equation S1.

whsv () = Selai) 0Cs ) i i) (s1)

L
masscaqt (9)*Vm (ﬁ)

Where F,f,’},3 is the volumetric flow rate of NH3 in the feed, MWy y3 is the molar weight of NH3, which is equal to 17 g.mol?,
massgqe is the mass of the catalyst loaded in the reactor, Vp, is the molar volume of the feed gas, for which we use 22.4 nL.mol-
1, The conversion was calculated from the NH; outlet mol fraction (ywus) (equation S2).

(1-Ynn3) (52)

NH; conversion =
1+YnH3

S2



Section 2: Experimental work on plasma cracking

The experimental plasma cracking of NH3 was conducted using the set-up illustrated in Figure S2. The experimental set-up
comprised a gas supply, a plasma reactor connected to a power supply, and an analytics part.

®
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X X X HY
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ballast
resistance )
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r ) washing
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power supply —1_

watt meter

Figure S2: Schematic overview of the plasma reactor set-up for ammonia cracking.

The plasma reactor was based on the Gliding Arc Plasmatron (GAP) design, in which an electric arc is ignited in a vortex flow
of gas between two electrodes. It was powered by a current-controlled direct current (DC) linear power supply (Topower Tn-
XX02). The power consumed by the plasma reactor (Ppiasma) Was determined from measuring power input into the electric
arc using oscillograms of its current and voltage. NHs (=99.96%, Air Liquide), H, (<99.995%, Air Liquide), and N, (=99.999%,
Air Liquide) were supplied into the plasma reactor from gas cylinders using Brooks SLA5850 mass flow controllers (MFC). The
reactor feed consisted of mixtures of NH3, H, and N, corresponding to either pure NH; feed or a feed produced by the thermal
catalytic cracking of NH3 upstream from the plasma reactor. The performance of NH3 cracking via the plasma reactor was
evaluated using the following parameters: specific energy input (SEI) per mole of NHs in the gas feed, NHs conversion (Xyp, ),
and energy consumption (EC) of decomposing one mole of NHs. The SEl is calculated using equation S3.

SEl ( K ) _ Potasma (W).-éo(@) " ( Ln) (s3)

- w
mot/ 1000 () Qi () mot

where Q}'\,”H3 is the mass flow rate of NHz in the feed, and V,, is the molar volume of the feed gas, for which we use 22.4 nL.mol
. Xyu, was calculated from the H, concentration in the decomposition products based on the assumption that NH;
decomposes to a 3:1 mixture of H, and N with a statistically insignificant quantity of other byproducts. We must account for
gas expansion during NHs decomposition because 2 moles of NH3; decompose into 3 moles of H, and 1 mole of Na. Therefore,
Xnu, is equal to (S4):

YN —YRH:

Ky, = i3~ INH3 S4
NHs ™yl +vRi, (54)

where y,{,"HS is the fraction of NH3 in the feed (for the feed containing only NH3, y}'\,"H3 = 1), and yg¥, is the fraction of NHs in

the decomposition products. The EC of NH; decomposition is calculated using SEl and Xy, (S5)

£c(XL) = 1) (s5)

mol XNH;
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Section 3: Aspen plus input data

A chemical process model of the reversed plasma catalysis process was designed in Aspen Plus V14, as well as of the plasma
catalysis and thermocatalysis process. NRTL was selected as property method. The components NHs, N, and H; were inserted.
The input of the simulation of the reversed plasma catalysis process is given in Table S1. Experimental data were implemented
in the simulation. The process schemes of the three processes can be found in Figure S3-S5.

Table S1: Input parameters of the input stream and blocks of the Aspen plus model

Input parameter Value
Input feed

Temperature -33°C

Pressure 1 bar

Flow rate 0.001 kmol.h?

Mol fraction (NHz) 1
Heat exchanger (feed — hot product gas)

Exchanger specification Cold stream outlet temperature

Outlet gas temperature 410°C

Minimum temperature approach 10°C
Stoichiometric reactor (catalytic)

Temperature 410°C

Pressure drop 0 bar

Fractional conversion 92.3%
Heater (plasma)

Pressure drop 0 bar

Duty 0.0292 kW
Stoichiometric reactor (plasma)

Pressure drop 0 bar

Duty Ocal.st

Fractional conversion 77.2%
Heater (between hot plasma gas & catalytic reactor)

Pressure drop 0 bar

Duty -0.0124 kW
Heater (cooling of hot product gas)

Temperature 50°C

Pressure drop 0 bar
Mcomp (compression of product gas)

Number of stages 4

Compressor model Isentropic using ASME method

Fix discharge pressure from last stage 50 bar

Efficiencies: Isentropic 75%?

sS4
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Figure S3: Process scheme of reversed plasma catalysis process with temperature, pressure and molar vapor fraction of all
streams, designed in Aspen Plus V14 software.
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Figure S4: Process scheme of plasma catalysis process with temperature, pressure and molar vapor fraction of all streams,
designed in Aspen Plus V14 software.
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Figure S5: Process scheme of thermocatalysis process with temperature, pressure and molar vapor fraction of all streams,
designed in Aspen Plus V14 software.
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Section 4: Exergy analysis

A concise exergy analysis was executed to make a correct process comparison between the three experimentally tested and
Aspen simulated processes: thermocatalysis, plasma catalysis and reversed plasma catalysis. Exergy can be defined as the
available work from an energy source. It takes the quality of the energy into account.

The net exergy consumption is given by the total exergy input minus the useful exergy output.

For the plasma catalysis and reversed plasma catalysis processes, the total exergy input is the sum of the electrical power of
the plasma reactor and of the compressor, together with the chemical exergy of the NHs feed. For electricity, the exergy is
equal to the applied electrical energy, found in Table S2. For the thermocatalysis process, the total exergy input is composed
of heating the feed and thermocatalytic reactor, together with the chemical exergy of the NH3 feed. Heating is assumed to
be electrically.

The standard chemical exergy of NH3 at room temperature (T° = 298 K) and atmospheric pressure (P° = 1 bar) is 331.5 kJ.
molnns?t 2. The chemical exergy of NH3 at -33°C and atmospheric pressure can be calculated via following formula (S6):

T -
Exennisszc = ExOys — T +AS = Ex9y s — T +In (L) = 3333 k. molihs (s6)

The useful exergy output is the sum of the excess heat generated by the process and the chemical exergy of the product at 5
MPa. This latter can be calculated as a mixture of 75 vol% hydrogen (Ex%; = 236.1 kl.moly,t 2) and 25 vol% nitrogen (Ex%; =
0.72 kl.moly;12) (S7):

EXcnmixture = Yuz * (ExOnpa + R * T xIn(Yp2)) + Ynz * (ExQynz + R+ T xIn(ynz)) = 175.7 kJ.mol™* (57)

This chemical exergy of the product gas still has to be corrected for the increased pressure (S8):

P -1
Exch,product,sobar = Exch,mixture +R*Tx1In (;) = 1854 k] mOlproduct (s8)
Secondly, the chemical exergy has to be converted to kJ.molyu3 (S9):

- mMolproduc -
Exchproduct sobar = 18541/, M0l bogyce # 2 "ol + 0,982 = 364.0 k. molihs (59)

The excess heat (Q) is converted in exergy via following formula (S10) 34:

Expeqr = Q* (1 — ;—" (s10)

Table S2: The exergy input, exergy output and results (net exergy output and exergy efficiency) for both tested
configurations: plasma catalysis and reversed plasma catalysis

Process configuration | Plasma catalysis Reversed plasma catalysis Thermocatalysis
EXERGY INPUT
Plasma power (kJ.molyns™?) 97.6 105.1
Compressor power (kJ.molyus™) 30.9 30.8 29.9
Heating feed & reactor (kJ.molnus?) 58.9
Chemical exergy of feed (kJ.molyns?) 333.3 333.3 333.3
Total exergy input (kJ.molyus™?) 461.7 469.2 422.1
USEFUL EXERGY OUTPUT
Excess heat after plasma reactor (kJ.molyus1) 25.4 36.3 11.7
(Th) (1508°C) (1978°C) (410°C)
Excess heat after heat exchange (kJ.molyus™?) 11.8 5.5
(Th) (410°C) (263°C)
Chemical exergy of product (kJ.molyus1) 364.0 364.0 364.0
RESULTS
NET EXERGY CONSUMPTION (kJ.molnns™) 60.4 60.5 46.3
EXERGY EFFICIENCY (%) 86.9 87.1 89.0
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