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dy on hydrogen-rich fuel
generation via ammonia decomposition using
a structured catalytic reactor†

Payam Shafie, *a Marie Mottoul,b Alain DeChamplaina and Julien Lepinec

Thermo-catalytic ammonia decomposition has gained significant attention for its ability to produce a COx-free

H2-rich fuel. Due to the scalability advantages of structured reactors, this study experimentally evaluates the

efficiency of a non-commercial stainless-steel monolithic Ru/Al2O3 catalyst to determine operating

conditions for achieving practical partial conversion rates for applications such as dual-fuel engines. The

analysis focuses on the effects of residence time and temperature on ammonia conversion, the heating

value of H2-rich gas, and the thermal energy required. The results show that higher temperatures and longer

residence times significantly improve ammonia conversion, with conversion nearing completion observed at

600 °C and a flow rate of 50 mL min−1. However, due to the low Ru loading on the monolith surface,

ammonia conversion at 400 °C remained limited to 12%. Kinetic analyses revealed that achieving practical

conversion rates above 60% with the catalytic reactor requires extending the residence time to 85 s at 500 °

C. Additionally, supplying 50% of the input energy for a 200 kW dual-fuel engine using H2-rich fuel would

require only 37% of the available exhaust energy to meet the heating demand for ammonia decomposition

at 400 °C with a 60% conversion rate. To further enhance the reactor's performance and scalability, targeted

improvements such as optimizing catalyst loading, incorporating promoters, employing bimetallic Ru-based

catalysts, refining reactor volume, and utilizing a parallel reactor configuration, could be explored to

maximize efficiency and integration with practical energy systems.
1. Introduction

The clean, zero-carbon nature of hydrogen, combined with its
high energy density, diverse production methods, and envi-
ronmentally friendly generation and utilization processes, has
prompted many governments to recognize it as a key compo-
nent of the energy transition.1 With the rapid advancement of
policy frameworks and hydrogen energy technologies, the
applications of hydrogen energy are expanding across various
sectors, including energy storage, fuel, transportation, and steel
metallurgy, with its usage expected to become even more
widespread.

However, the storage and transportation of hydrogen remain
a key drawback due to its high-pressure gaseous and low-
temperature liquid storage as its common physical storage
methods.2 As an example regarding the safety, in 2019, three
hydrogen explosion accidents caused by H2 tank leakage were
reported in Norway and South Korea, amplifying the public's
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concerns about the diffusibility, inammability, explosibility,
and intrinsic safety of hydrogen.3 As well as the high energy
consumption and safety issues, such storage and transportation
systems account for approximately 30% of the overall cost of
hydrogen, which is currently exorbitant and signicantly higher
than traditional fuels, such as natural gas.4 Consequently, in
order to bypass the bottleneck in the hydrogen industry, it is
extremely important to develop hydrogen storage and trans-
portation technology that is safe, commercially available, and
efficient.

To address these challenges, ammonia (NH3) has gained
recognition as a highly promising hydrogen carrier, due to its
high hydrogen density (120 kgH2

m−3) and higher boiling point
(−33 °C).5 Moreover, with a global production capacity of 236
million tonnes in 2021, the existing infrastructure for ammonia
storage and transportation is well-established due to the ease of
liquefaction and using regular stainless-steel pipes and
containers.6,7 Furthermore, ammonia enables the repurposing
of various existing fossil fuel infrastructure components, such
as liqueed natural gas (LNG) terminals, liqueed petroleum
gas (LPG) refueling stations, and retrotted internal combus-
tion engines. Such advantages can be attributed to its broad
range of applications such as a fuel, hydrogen carrier, fertilizer,
chemical intermediate, and refrigerant.8
This journal is © The Royal Society of Chemistry 2025
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Ammonia combustion presents several limitations, mainly
due to its inherently slow ame propagation compared to other
fuels. Additionally, its combustion process leads to the release
of nitrogen-based emissions, which can contribute to environ-
mental concerns. To overcome these limitations and enhance
combustion efficiency, one effective approach is to use
ammonia as a hydrogen carrier. By breaking it down just before
use, a H2-rich fuel can be generated, improving its reactivity
while simplifying its handling.9,10 Therefore, thermal catalytic
decomposition of ammonia has attracted considerable interest
due to its capability to generate an on-demand, COx and sulfur-
free hydrogen stream, making it suitable for applications such
as engines, fuel cells, turbines, and industrial furnaces.11

South Korea, Japan, the USA, and Australia are leading the
development of various ammonia decomposition systems aimed
at hydrogen production for multiple sectors. For instance, POSCO
Holdings in South Korea, plans to establish a hydrogen produc-
tion plant through ammonia decomposition with a target capacity
of 1000 m3 h−1 by 2025.12 Canada is among the top ten countries
in the world for ammonia production, with an annual production
of approximately 5 million tonnes. Additionally, advancements in
carbon capture technology have facilitated the production of blue
ammonia, while water electrolysis powered by renewable energy
enables the generation of green ammonia.13 This readily available
resource positions the country as a potential hub for the devel-
opment of hydrogen production through ammonia decomposi-
tion. Therefore, one of the motivations for this study is that
despite the growing global interest in ammonia as a hydrogen
carrier and its critical role in power infrastructures such asmarine
applications, there remains gaps in the Canadian research land-
scape especially in exploring the practical implementation of
ammonia decomposition as a hydrogen production pathway.

The endothermic decomposition of ammonia is the reverse of
its synthesis so that it requires less than a quarter of the energy
needed for water splitting and roughly a h less than steam
methane reforming.14 Furthermore, the lower operating tempera-
ture required for ammonia decomposition compared to steam
methane reforming, enhances catalyst longevity and hydrogen
production efficiency, while also eliminating the issue of carbon
emission.15 From a theoretical perspective, elevated pressures are
unfavorable for ammonia decomposition, and the reaction is best
carried out at low atmospheric pressures.16 While ammonia
decomposition can occur with or without a catalyst, using a proper
catalyst can lower the required temperature for an efficient reac-
tion. Although the reaction is reversible, the catalysts that proved
most effective for ammonia synthesis were not necessarily the
most efficient for its decomposition. Therefore, catalysts are being
developed to facilitate ammonia decomposition at lower temper-
atures while achieving high conversion rates.15,16 By evaluating
various catalysts supported on alumina, researchers determined
the relative activity for ammonia decomposition as follows: Ru > Ir
> Rh > Ni > Pt > Pd > Fe.17 However, since the choice of support
could also inuence catalytic performance, the relative activity
order may vary with other supports. For example, in the study by
Yin et al.,18 at a reaction temperature of 400 °C, ammonia
conversion rate for catalysts supported on carbon nanotubes (CNT)
followed the order: Ru > Ni > Pd > Fe.
This journal is © The Royal Society of Chemistry 2025
Most recent studies on ammonia decomposition have
focused on the development of catalyst in the form of powder
and xed-bed reactors.19 Ni-based catalysts are considered non-
precious metal alternatives, and their catalytic performance is
highly dependent on the particle size.17 The study conducted by
Zhang et al.20 showed that the particle sizes below 5 nm exhibit
a signicant enhancement in catalytic performance, but at
temperatures above 400 °C, there is a concern of particle
agglomeration leading to larger particle sizes. The addition of
rare metal promoters is considered to have a benecial effect on
improving the catalytic performance of Ni. Okura et al.21 showed
that using Gd as the promoter can increase the ammonia
decomposition rate by a factor of 1.2. Chein et al.22 conducted
a numerical study using a one-dimensional model to analyze
ammonia decomposition in a cylindrical xed-bed reactor
involved a Ni–Pt/Al2O3 catalyst bed operating under atmo-
spheric pressure. The study indicated that the reactor achieved
NH3 conversion rates exceeding 99% at temperatures above
600 °C, particularly when operating at low ammonia ow rates
(below 10 mL min−1). Regarding Ru-based catalysts, Devkota
et al.23 theoretically simulated a large-scale hydrogen plant with
a single or multi-catalytic Ru xed beds for ammonia decom-
position including Temperature Swing Adsorbers (TSA) and
Pressure Swing Adsorbers (PSA) for purication of hydrogen.
They concluded that the single-bed reactor had a maximum
conversion rate of nearly 35%, while the combination of multi-
bed reactor in series, reached an almost equilibrium conversion
of 97%. Cha et al.24 investigated the combination of catalytic
ammonia decomposition using Ru catalyst in a xed-bed
reactor by a 1 kW fuel cell. They showed that by maintaining
the temperature at 550 °C, a conversion rate of about 99.8% and
a maximum overall efficiency of 31% for the integrated system
were achievable.

Fixed-bed reactors usually lead to a large pressure drop,
temperature gradient and inconsistent ow.25 On the other
hand, structured reactors especially monolithic ones contain
channels in a single block of inert or catalytic material, leading
to low pressure drop, proper scale up, high surface area-to-
volume ratio, enhanced mass transfer, and low weight.26

Monolith catalysts also provide enhanced mechanical stability,
which is crucial for high-temperature reactions like ammonia
decomposition. This makes them a dependable option for long-
term operations. As a result, over 100 000 m3 of monolithic
catalysts are manufactured globally each year for applications
such as reducing engine emissions.27 Plana et al.28 showed that
by using a honeycomb cordierite reactor and a Ni/Al2O3 catalyst,
higher ammonia conversion rates were obtained compared to
the same catalyst in a xed bed reactor, due to better heat
distribution and mass transfer. Moreover, Gyak et al.29 con-
ducted an experimental study on a ceramic-based monolith for
ammonia decomposition utilizing a Ru/Al2O3 catalyst at 600 to
1000 °C. Their study demonstrated that at 700 °C and a low NH3

inlet ow rate of 36 SCCM, nearly complete conversion was
achieved. However, they highlighted the challenge of low
decomposition rates at lower temperatures. Some of the chal-
lenges of structured reactors include difficult uniform loading
of the catalyst onto the reactor structure and fouling over. One
Sustainable Energy Fuels, 2025, 9, 3820–3830 | 3821
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of the key challenges of structured reactors is the probability of
non-uniform catalyst distribution on the reactor surface. Addi-
tionally, fouling over time can further impact reactor longevity
and effectiveness.

Given the superior scalability of structured catalytic reactors
for industrial applications, as well as the potential waste heat
recovery integration, this study aims to provide a scientic
contribution by experimentally investigating thermal ammonia
decomposition. The research integrates a non-commercial
stainless-steel monolith-based Ru/Al2O3 catalyst, a dual-layer
vacuum cold trap for efficient removal of unreacted NH3, and
a continuous, cost-effective hydrogen sensor. The primary focus
is on assessing the impact of the residence time and reaction
temperature on the reactor performance. Moreover, this setup
enables accurate hydrogen measurement while addressing key
challenges such as NH3 corrosivity and real-timemonitoring, all
within a compact and economical conguration. By evaluating
factors such as steady-state time, conversion rate, H2-rich gas
heating value, and required heating power, the ndings will
support the development of more efficient hydrogen production
systems. Additionally, the characteristics of a sample dual-fuel
engine are analyzed to estimate real-scale residence time and
heating energy requirements, providing insights for potential
future waste-energy based applications.
2. Methodology and experimental
test rig

The mechanism considered for the decomposition of ammonia
involves a series of steps commencing with the adsorption of
NH3 molecules onto the catalyst surface (NH3(a) generation),
followed by dehydrogenation processes (N(a) and H(a) genera-
tion), and ultimately, the desorption of hydrogen and nitrogen
atoms into gaseous H2 and N2:30

NH3(g) + * % NH3(a) (1)

NH3(a) + * % NH2(a) + H(a) (2)

NH2(a) + % NH(a) + H(a) (3)
Fig. 1 Quartz tube and catalyst bundle position inside the tube furnace
manufacturer.32

3822 | Sustainable Energy Fuels, 2025, 9, 3820–3830
NH(a) + * % N(a) + H(a) (4)

2N(a) % N2(g) + 2* (5)

2H(a) % H2(g) + 2* (6)

where the subscripts are as follows: (g) represents the gas state,
(*) represents an empty site on the catalyst surface and (a) refers
to a species adsorbed on the surface.

The catalytic performance of NH3 decomposition varies
signicantly in terms of NH3 conversion rate as the atomic
activity is strongly inuenced by morphologies and the number
of active sites. The interaction of active sites on the metal
catalyst with support materials can also play an important role
in decomposing NH3 into nitrogen and hydrogen, and in
stabilizing unstable intermediate species like N(a) and H(a)

through charge transfer between adsorbed sites on the catalyst
surface and support. Ru-based catalysts are known to be more
efficient due to the stabilized bond formation of Ru–N in reac-
tions (4) and (5), preventing the desorption or recombination of
N(a) into ammonia and ensuring the reaction proceeds effi-
ciently toward full decomposition.31

Regarding the catalyst in this study, alumina serves as
a high-surface-area support for Ru so that a 5 wt% Ru/Al2O3

catalyst is wash coated on the corrugated and at stainless steel
mesh substrates (as the structural support). The coated catalyst
structure is then put through a heat treatment process in air to
ensure proper adhesion and stabilisation on the catalyst
structure before reduction. Then the catalyst mesh is rolled into
a 19 mm × 100 mm cylindrical bundle with triangular channels
to be used as a monolith reactor bed. Moreover, the catalyst is
reduced by hydrogen at 300 °C to ensure the availability of clean
and active Ru sites for the reaction. A quartz tube with dimen-
sions of ID = 19 mm, OD = 26 mm and L = 615 mm including
two reducer caps is utilized as the catalyst reactor. It is worth
mentioning that the length of the heated zone of the tube
furnace is 300 mm, which is much longer than the dimension of
the catalyst bundle placed in the center of the tube furnace. So,
it can be assumed that the temperature along the catalyst is
uniform considering the uniformity prole of the furnace,
(left), uniformity of the furnace temperature based on data from the

This journal is © The Royal Society of Chemistry 2025
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which showed a maximum variation of only 0.45% at a distance
of 50 mm from the center (Fig. 1).

The experimental setup includes the following parts (Fig. 2):
liquid NH3 storage tank (Linde, 99.999% purity, 7.86 bar), NH3

single-stage regulator (0–3.5 bar with dip purge), N2 tank for
purging, pressure relief valve (Aquatrol, with the setpoint of 2
barA), mass ow controller (Alicat, 0–500 SCCM), tube furnace
(Thermo Scientic, single zone, 800 W), cold trap for removing
unreacted NH3 (Jackhammer, dual-jacketed glass), water scrubber
(2 L) to react with the possible remaining ammonia and remove it
from the gas stream, drying column (Drierite, 200 L h−1) to remove
moisture of the stream,H2 sensor (XEN-5320, 100 ppm-100%), and
Bubble ow meter to measure the volumetric ow rate (Restek, 50
mL). Two thermocouples (Omega, K-type) are also used at the inlet
and outlet of the reactor. Fig. 3 shows the ammonia decomposition
test setup, put in place in this study.

Due to performing the purge before and aer each test by N2,
it can be considered that the only products at the outlet of the
Fig. 2 Single-line diagram of the ammonia decomposition experimenta

Fig. 3 Ammonia decomposition test setup.

This journal is © The Royal Society of Chemistry 2025
reactor are H2, N2 and unreacted NH3. Aer the reactor, the
outlet stream passes through the cold trap, lled by a −70 °C
cold bath of dry ice and ethanol, so the unreacted NH3 can be
condensed and removed from the stream safely. This prevents
NH3 to enter H2 sensor or to leak into the hood considering its
corrosivity and toxicity.

Ammonia gas is a colorless, toxic substance with a density
lower than air and a pungent odor, making leaks easily detect-
able. It becomes lethal only when its concentration reaches
1000 times the detectable level.33 Therefore, all the tests are
performed under the ventilated laboratory hood (Fig. 3).
Moreover, a NH3 portable detector (RKI-SC-04 with an alarm set
point of 25 ppm) is placed inside the hood during the tests to
monitor any possible ammonia leakage.

Moreover, due to the safety limits and preventing the leakage
in different tubing junctions especially with the quartz tube, the
experimental tests were done at 1 barA. Two types of tubes
including stainless steel and polytetrauoroethylene (PTFE) are
l setup including a schematic of a monolith cross section.

Sustainable Energy Fuels, 2025, 9, 3820–3830 | 3823
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Table 1 Thermodynamic properties of gases at 1 barA and 25 °C (ref.
35)

NH3 H2 N2

M (kg kmol−1) 17 2 28
Tsat (°C) −33.3 −252.8 −195.8
Tcr (°C) 132.35 −239.85 −146.95
Pcr (bar) 112.8 13 33.9
TR 0.76 9.25 2.44
PR 0.01 0.08 0.03
Z 0.995 1 0.999
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used as well as using Swagelok valves and ttings. The acid trap,
including a 2 M H2SO4

− aqueous solution, is used during the
nal purge aer each test to remove the condensed undecom-
posed NH3 from the system through its neutralization by forming
(NH4)2SO4 salt. The temperature monitoring by thermocouples
indicates that for all test conditions, immediately before and
aer the reactor (less than 200 mm), the temperature was about
22 °C since the ow rate was very low. This also conrmed that
aer the regulator, gaseous ammonia enters the reactor.

Moreover, due to the fact that in some applications such as
fuel cells, it is necessary to remove NH3 before entering the fuel
cell, using the cold trap demonstrates a possible strategy for
recovering NH3. Using such a compact H2 sensor will be impor-
tant in practical applications since it can work continuously
(without the need for sampling) and it is much cheaper and
smaller compared to some sophisticated analysers such as laser
ammonia analysers which are 50–100 times more expensive.
3. Performance criteria

The experimental tests were conducted by varying two key
parameters: the ammonia ow rate, which ranged from 50 to
300 SCCM, and the operating temperature of the furnace, which
was tested at 400 °C, 500 °C, 550 °C, and 600 °C. Regarding the
ow rate, a gas hourly space velocity (GHSV) is also dened as
the number of reactor volumes that is fed at a specied condi-
tion which can be expressed per unit time (eqn (7)). Therefore,
the higher the GHSV, the lower the residence time (s).34

GHSV ¼ 1

s
¼ V

c

V
(7)

where _V (m3 s−1) and V (m3) are respectively standard volu-
metric gas ow rate and catalyst volume. Therefore, GHSV for
different conditions of this study based on the volume of the
reactor cylinder were 104, 208, 416 and 622 h−1, which are
equivalent to residence times of 35, 17, 8 and 6 s through the
catalytic reactor.

Considering the denition of reduced pressure (PR) and
reduced temperature (TR) based on eqn (8), and the fact that the
compressibility factor (Z) is a function of PR and TR, Table 1
shows the compressibility factor for NH3, H2 and N2 at 1 barA
and 25 °C based on the experimental Z-factor table of Nelson–
Obert.35 Therefore, since the reduced pressures are less than 1
(PR � 1) and the temperatures are higher than −173 °C, using
ideal gas equation of state is a proper assumption for this study.

PR ¼ P

Pcr

TR ¼ T

Tcr

(8)

where Pcr and Tcr are the critical pressure and temperature. Eqn
(9)–(11) are utilized for calculating the volumetric and mass
concentrations of NH3, H2 and N2.

Mmix =
P

yiMi (9)
3824 | Sustainable Energy Fuels, 2025, 9, 3820–3830
yi ¼ Pi

Pmix

¼ Vi

Vmix

¼ xi=MiP
xi=Mi

(10)

Pmix ¼ rRuT

Mmix

(11)

where yi, xi, and Mi (kg kmol−1) are the volumetric fraction,
mass fraction and molar mass of each species in the mixture.

Ammonia conversion rate is determined using eqn (12),
providing a direct measure of the efficiency of NH3

decomposition.34

CR ¼ V
c

NH3; reacted

V
c

NH3; in

(12)

where _VNH3,reacted
and _VNH3,in

are the volumetric ow rates (m3 s−1)
of reacted ammonia at the outlet and the volumetric ow rate of
ammonia at the inlet of the system. For each condition, once
the hydrogen sensor reaches a steady state, the average volu-
metric ow rate during a minimum of 30 minutes is calculated
and applied in eqn (12).

Considering the partial conversion of NH3, the lower heating
value (LHV) of the H2-rich gas mixture (LHVmix) is determined
by considering the contributions of both hydrogen and
unreacted ammonia in the reactor outlet stream (eqn (13)).16

LHVmix ¼
m
c
H2
LHVH2

þm
c
NH3; out

LHVNH3

m
c
H2

þm
c
NH3; out

(13)

where _mH2
and _mNH3,out

represent the mass ow rates (kg s−1) of
hydrogen and unreacted ammonia at the reactor outlet,
respectively, while LHVH2

and LHVNH3
correspond to their

respective lower heating values. Moreover, the input energy
required for the reaction (Ein) can be expressed as:

Ein = EA + Qh + Qd (14)

EA = _mNH3,in
LHVNH3

(15)

Qh = _mNH3,in
CPDT (16)

Qd = _mNH2,in
DHrCR/MNH3

(17)

CPðTÞ

¼ Ru

MNH3

�
a1T

�2 þ a2T
�1 þ a3 þ a4T

1 þ a5T
2 þ a5T

3 þ a7T
4
�

(18)
This journal is © The Royal Society of Chemistry 2025
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where Qh (W) accounts for the heat necessary to raise the
temperature of ammonia gas to the required reaction conditions
and Qd (W) is the heating energy needed for the ammonia
decomposition at each conversion rate. The enthalpy change of
the reaction (DHr) is the difference between the enthalpy of the
products at a specied state (HP) and the enthalpy of the reac-
tants at the same state (HR) considering eqn (4)–(19) to (4)–(22).35

DHr = HP − HR (19)

HP = SNp(�h
0
f + �h − �h0)P (20)

HR = SNR(�h
0
f + �h − �h0)R (21)

H0(T) = (RuT)(a1T
−2 + a2 ln(T)/T + a3 + a4T/2 + a5T

2/3

+ a6T
3/4 + a7T

4/5 + b1/T) (22)

where �h0f , h�and h�0 (J mol−1) are the enthalpy of formation, the
sensible enthalpy at the specied state and the sensible
enthalpy at the standard reference state respectively. Table 2
shows the coefficients required for calculating thermodynamic
properties required for eqn (19)–(22).36

Moreover, the rst-order reaction rate law is applied to
estimate the appropriate residence time for ammonia decom-
position. This approach is justied as the system operates
under atmospheric pressure, where rst-order kinetics typically
provide a reliable approximation (eqn (23) and (24)).37

CR = 1 − exp(−ks) (23)

k ¼ k0exp

�
� Ea

RuT

�
(24)

where k is the apparent rate constant (s−1), which is related to
temperature through the Arrhenius formula, where Ea (J mol−1)
and k0 (s

−1) are the activation energy and pre-exponential factor
respectively.
Fig. 4 H2% variation based on time to reach steady condition.
4. Results and discussions

Considering the ammonia decomposition reaction, by
removing the unreacted NH3 aer the reactor using the cold
trap and water scrubber, only N2 and H2 can pass through the
H2 sensor. Therefore, it can be expected that the sensor should
show a volumetric percentage of about 75%, so that the proper
performance of these removal parts was conrmed at the
Table 2 Thermodynamic data coefficients for NH3, H2, and N2 (ref. 36)

N2 coefficients (J mol−1) H

a1 2.210 × 104 4.
a2 −3.818 × 102 −
a3 6.082 8.
a4 −8.530 × 10−3 −
a5 1.384 × 10−5 1.
a6 −9.625 × 10−9 −
a7 2.519 × 10−12 3.
b1 7.108 × 102 2.
b2 −1.076 × 101 −

This journal is © The Royal Society of Chemistry 2025
commissioning tests of this study by passing ammonia at
maximum ow rate and reaching to near zero ow aer the
removal parts. Moreover, due to performing the purge by N2

before each test, and the residence time of the ow in each of
the components especially the cold trap, a specic time was
needed for reaching the steady state condition of the sensor
which is required to record the amount of ow rate and
conversion rates.

Since most experiments began at 600 °C, Fig. 4 illustrates the
change in H2 concentration (vol%) over time for various ow
rates, with H2 levels recorded every 2 seconds. As the ow rate
increased, the system reached steady state more quickly due to
reduced residence time—approximately 80, 45, and 35 minutes
for 100, 200, and 300 SCCM, respectively. Other factors inu-
encing these durations include conversion rate, cold trap
handling and precooling, and the purging time prior to testing.
For the 50 SCCM tests, an initial high ow rate of 300 SCCMwas
used to accelerate stabilization of the H2 sensor.

The placement of the hydrogen sensor aer the cold trap
resulted in a longer response time, especially at low ow rates,
as the sensor required more time to stabilize and display the H2

concentration in the H2/N2 mixture. This delay was primarily
due to the volume of intermediate components, such as the cold
trap and water scrubber, which slow down gas ow before
2 coefficients (J mol−1) NH3 coefficients (J mol−1)

0783 × 104 −7.681 × 104

8.009 × 102 1.270 × 103

214 −3.893
1.269 × 10−2 2.145 × 10−2

753 × 10−5 −2.183 × 10−5

1.202 × 10−8 1.317 × 10−8

368 × 10−12 −3.332 × 10−12

682 × 103 −1.264 × 104

3.043 × 101 4.366 × 101
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Fig. 5 Conversion rates based on temperature and GHSV of the flows.

Fig. 6 H2, N2 and unreacted NH3 volumetric percentage based on temp
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reaching the sensor. Additionally, most hydrogen sensors are
highly sensitive to the corrosive nature of NH3, whichmay affect
their accuracy and longevity. To enhance the current setup, an
alternative method for monitoring H2 or NH3 concentration
before ammonia removal could be added. One potential
improvement is the use of an acid solution trap coupled with
a pH meter.

Fig. 5 illustrates the ammonia conversion rate across
different ow rates and temperatures. Higher temperatures
signicantly improved the ammonia conversion rate across all
ow rates.

For example, at GHSV = 104 h−1, the conversion rate
increased from 27% at 500 °C to 95% at 600 °C, which is related
to the endothermic nature of the ammonia decomposition
reaction. Furthermore, lower ow rates at each temperature led
to higher conversion rates. For instance, at 550 °C, the conver-
sion rate decreased from approximately 72% at 104 h−1 to 27%
at 622 h−1. It is worth mentioning that due to the low conver-
sion rates at low temperatures and high ow rates, the results
indicate that at 400 °C, only GHSV of 104 h−1 and 208 h−1 led to
erature and flow rates.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 The effect of residence time on the conversion rate and first-
order relation.
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a conversion rate of about 12% and 5%. For the other ow rates,
there was no ow aer the cold trap which means that the
conversion rate was very close to 0.

Although the catalyst was initially synthesized using 5 wt%
Ru/Al2O3 powder, the nal ruthenium loading on the monolith
was lower, approximately 0.1 wt%, due to losses during the
wash-coating process. This discrepancy is attributed to poor
adhesion and dilution effects during catalyst deposition,
resulting in fewer active Ru sites available for ammonia
decomposition. As a result, catalytic activity and NH3 conver-
sion were lower than expected.

Fig. 6 shows the variation of NH3, H2 and N2 volumetric
percentage at the outlet of the catalytic system. The results
indicate that as GHSV increased, the percentage of H2

decreased, suggesting that less ammonia is decomposed into
hydrogen due to the reduced residence time. This reduction is
also accompanied by a decrease in nitrogen concentration. At T
= 600 °C and a ow rate of 50 SCCM, the H2 concentration
reached approximately 73%, indicating near-complete
ammonia decomposition. However, at 500 °C, this percentage
decreased to about 31.7%, with a higher ammonia concentra-
tion remaining at the outlet (57.7%). At a conversion rate of 40%
(T = 550 °C and GHSV = 200 h−1), the volumetric ow rates of
H2 and unreacted NH3 became equal. As the conversion rate
increased beyond 40%, the H2 ow rate surpassed that of NH3.
Regarding the minimum ow rate of 50 SCCM and the
minimum temperature of 400 °C, H2 concentration was about
16%.

Fig. 7 illustrates the variation of LHVmix/LHVNH3 as a func-
tion of GHSV and temperature providing insights into the
energy performance of the system. The high ratios reect the
increased energy density of the resulting H2-rich gas. The ratios
decreased signicantly as GHSV increased, indicating shorter
residence times, which limits the extent of NH3 conversion.
Even at 600 °C, the ratio decreased from 5.2 at 104 h−1 to 1.7 at
622 h−1, showing the critical role of contact time. The highest
Fig. 7 LHV ratio of the H2-rich gas to ammonia at different flow rates
and temperatures.

This journal is © The Royal Society of Chemistry 2025
ratios were observed at low GHSVs across all temperatures, but
at minimum temperature (400 °C), incomplete NH3 decompo-
sition limited the efficiency of the process so that the LHV ratio
at 104 h−1 was 1.13.

Therefore, for applications requiring lower temperatures, to
enhance the catalytic reactor performance, some of the
improvements can be implemented including optimizing
catalyst loading by increasing metal dispersion, using
promoters such as La and Gd to improve the stability and NH3

adsorption, incorporating bimetallic Ru-based catalysts such as
Ru–Ni, and optimizing reactor volume.

To produce a HRF with an LHV comparable to diesel
(approximately 40 MJ kg−1), an ammonia decomposition
conversion rate of around 60% is recommended.16 Moreover, by
applying kinetic analysis using eqn (22), Fig. 8 indicates
apparent rate constant based on the temperature and residence
time conditions. Therefore, to achieve conversion rates
exceeding 60% with this catalytic reactor, the residence time
must be increased to 85 s at 500 °C and 225 s at 400 °C. This
implies that at a ow rate of 50 SCCM, the reactor volume
should be increased to 70 cm3 and 189 cm3 for 500 °C and 400 °
C, respectively, compared to the current volume of 29 cm3.
Table 3 Estimation of the proper residence time for a real engine

Engine power (kW) 200
Fuel consumption (g kW−1 h−1) 205
Diesel LHV (MJ kg−1) 42.5
Power by H2-rich gas (kW) 242
Conversion rate 60%
Ammonia input power (kW) 224
Ammonia gas density (kg m−3) 0.68
Inlet ammonia ow rate (m3 h−1) 62.5
Number of catalytic reactors 6
Engine size (m3) 1.6
Proposed volume for each reactor (m3) 0.013
Residence time (s) 4.5
GHSV (h−1) 800

Sustainable Energy Fuels, 2025, 9, 3820–3830 | 3827
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These results also conrm that, in practical applications, one of
the most effective approaches to achieving higher conversion
rates while limiting reactor volume is to use catalytic reactors in
parallel, thereby increasing the overall residence time. More-
over, based on the values of k from Fig. 8 at each temperature, Ea
and k0 for the catalytic reactor are calculated 72.5 kJ mol−1 and
1400 s−1.

Conventional combustion engines have the potential to be
modied to dual-fuel engines using H2-rich fuel, offering a cost-
effective alternative to fuel cells that can be utilized at earlier
stages of decarbonization. Moreover, kinetic analysis is valuable
for scaling up the catalytic reactor system and setting realistic
expectations. For example, considering a 200 kW dual-fuel
engine operating on diesel and H2-rich fuel, where 50% of the
input energy is supplied by H2-rich fuel integrated with 6
parallel reactors, Table 3 summarizes the results related to this
estimation so the total inlet ow rate needed for ammonia is
calculated at about 60 m3 h−1.

Fig. 9 illustrates the fraction of input energy across different
ow rates and temperatures. The results indicate that as
temperature increased, in order to reach a specied conversion
Fig. 9 Input energy fraction and heating energy required for the reactio

3828 | Sustainable Energy Fuels, 2025, 9, 3820–3830
rate, the required heating energy increased. For example, to
achieve a conversion rate of about 70%, the total heating energy
required at 600 °C was 3575 kJ kgNH3

−1, while this gure for
550 °C was about 3360 kJ kgNH3

−1. Moreover, the maximum
ratio of heating energy relative to the total input energy was
about 18% at 600 °C. For a practical application such as the
above-mentioned engine with an available exhaust gas heat of
about 85 kW (considering preventing acid condensation at the
exhaust gas outlet), to supply the heating energy required for
the ammonia decomposition at 400 °C, for CR = 60% and
100%, only 30 and 45 kW heating power are required respec-
tively. Therefore, integrating an optimized thermal catalytic
reactor with dual-fuel engines through waste heat recovery can
reduce energy consumption, can enhance NH3 conversion effi-
ciency with minimal external heating, and can improve safety
and operational exibility by eliminating the need for high-
pressure hydrogen storage. It is worth mentioning that in
practical applications where liquid ammonia is used as the
feedstock, the additional energy demand related to ammonia
vaporization could be considered. But, considering the dual-
fuel engines and the fact ammonia vaporizes at approximately
n at different conditions.

This journal is © The Royal Society of Chemistry 2025
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−33 °C, this requirement can typically be met using even low-
grade waste heat sources such as engine jacket water (at about
90 °C). Nevertheless, in the absence of such waste heat, the
enthalpy of vaporization could become a signicant factor.
5. Conclusions

In this study, considering the importance of ammonia decom-
position for on-board hydrogen rich gas generation, a non-
commercial stainless-steel monolith-based Ru/Al2O3 catalyst
was experimentally investigated for different ammonia GHSV
and operating temperature by analyzing factors such as steady-
state time, conversion rate, H2-rich gas heating value, and
required thermal energy. Moreover, the rst-order reaction rate
law was applied to estimate the appropriate residence time for
thermal ammonia decomposition, while feasibility assessments
were conducted for a real-scale dual-fuel engine application.

The results indicated that the steady-state time was inu-
enced by factors such as GHSV and conversion rate under
different conditions. Higher temperatures notably enhanced
ammonia conversion across all GHSVs, consistent with the
endothermic nature of ammonia decomposition. Conversely,
lower ow rates resulted in higher conversion rates due to
increased residence time, with the maximum conversion
observed at 600 °C and GHSV = 104 h−1. The actual amount of
Ru available on the monolith surface was insufficient to achieve
high NH3 conversion rates at lower temperatures so that the
maximum conversion rate at 400 °C was about 12%. This
discrepancy highlights the need for improved catalyst deposi-
tion techniques to achieve higher active metal dispersion and
better adhesion to the monolith structure.

Kinetic estimations illustrated that achieving conversion
rates above 50% with this catalytic reactor required increasing
the residence time to 85 s at 500 °C. Additionally, to supply 50%
of the input energy for a 200 kW dual-fuel engine using
hydrogen-rich gas, a 60% conversion rate necessitated limiting
the residence time to approximately 4.5 s, corresponding to
a GHSV of about 800 h−1. Furthermore, supplying the required
thermal energy for ammonia decomposition at 400 °C at a 60%
conversion rate would utilize 37% of the available exhaust
energy of the dual-fuel engine, demonstrating the feasibility of
integrating waste heat recovery with the optimized structured
thermo-catalytic reactors.

Therefore, for practical applications operating at lower
temperatures, improving catalytic reactor performance can be
achieved through different enhancements. These include opti-
mizing catalyst loading by increasing metal dispersion, incor-
porating promoters like La to enhance stability and ammonia
adsorption, utilizing bimetallic Ru-based catalysts such as Ru–
Ni, optimizing reactor volume, and implementing a parallel
reactor conguration to improve overall efficiency.
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