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ABSTRACT

The global transition from an energy system based on fossil fuels to one based on renewable energy
will also increase the need for dispatchable power generation in order to compensate the fluctuations
from wind and solar electricity production. As a carbon-free energy carrier that has significant
advantages in terms of storage and transportation, ammonia use for power generation is currently
considered by many engine OEMs and power producers. The ignition and combustion properties of
ammonia, however, are not beneficial compared with state-of-the-art fuels. Especially the low laminar
flame speed and the high minimum ignition energy in comparison with other e-fuel options are
considered to be detrimental for use in an internal combustion engine. These challenges can be
overcome with the admixing of a more reactive fuel, such as hydrogen or diesel fuel. In order to avoid
the need to store a second fuel, it was proposed to use ammonia decomposition upstream the engine
to produce a hydrogen-rich gas that can act as an ignition enhancer.

This article describes the development of an ammonia cracker that uses an electrically supported
catalyst carrier, a proven technology for thermochemical hydrogen production. An assessment of the
most favorable engine combustion concepts based on experimental results on a single-cylinder
research engine provides the requirements for the ammonia cracker, in particular the mass flow rate
for different load conditions and the required pressure level. Further requirements such as quick start
capability and modular design are considered in the overall concept and the system layout.
Experimental results and simulation of reaction and flow conditions are presented together with an
outlook on overall cracker performance.



1 INTRODUCTION

The global carbon dioxide (CO2) concentration in
the atmosphere is continuously rising by 2 — 3 ppm
per year and has already passed the 420-ppm
mark in the last couple of years [1]. The emission
of CO2 and other gases with a high global warming
potential (GWP) must be reduced quickly and will
likely have to be combined with technologies to
actively remove CO: from the atmosphere to limit
global warming to 1.5 K above pre-industrial levels
[2]. The global transition from a fossil fuel-based
energy system to a low or carbon-neutral energy
system that is built on renewable energy sources
(RES) such as wind power and photovoltaics is
going to be crucial. One of the key challenges of
the energy transition is the necessity to store large
amounts of energy. Storage in the form of
chemicals or e-fuels, e.g., ammonia or methanol,
offers large storage capacities over long periods of
time and even seasonal storage. The efficiency of
the production process and the energy demand of
the carbon capturing are reflected in the fuel costs,
that are currently significantly higher for e-fuels
than for fossil fuels (Figure 1). Projections by the
International Renewable Energy Agency [3],
however, show a substantial decrease of e-fuel
cost by 2050. To balance the electricity demand
and the volatile supply by RES flexible and
dispatchable back-up solution to ensure a stable
and steady energy supply are required. Internal
combustion engines in combined heat and power
plants provide renewable electricity with centralized
or distributed power generation.
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Figure 1: Current cost and cost projections for fossil
fuels and e-fuels (based on [3])

1.1 Ammonia for power generation

The ignition and combustion properties of ammonia
are not beneficial compared to state-of-the-art
fuels. Especially the low laminar flame speed and
the high minimum ignition energy in comparison to
methane and hydrogen (Table 1) was often
considered to be detrimental for use in an internal
combustion engine.

Table 1: Fuel properties of methane, ammonia and
hydrogen

Methane  Ammonia  Hydrogen
Lower heating value 50,013 18,720 120,000
[kJ/kg]
Laminar flame 0.38 0.07 3.50
speed [m/s]
Min. ignition energy 0.290 8.000 0.017
[mJ]
Autoignition 868 930 858

temperature [K]

Various fuel admission and ignition concepts are
feasible for different engine applications (Figure 2).
To overcome the challenges posed by the
ammonia properties the admixing of a more
reactive fuel is useful [4]. For marine applications
where redundancy requirements are usually
adhered to by providing diesel engine operation
capability, diesel fuel is used in ongoing research
as the reactive fuel component. For spark ignition
applications hydrogen is a suitable high reactivity
fuel that can be produced via ammonia cracking.
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Figure 2: Combustion concepts for compression
ignition engines (left) and spark ignition engines
(right)

Ammonia dehydrogenation or cracking is a
chemical process that involves the thermal
decomposition of ammonia into its main
components, molecular nitrogen (N2) and
molecular hydrogen (Hz2). The simplified reaction
equation can be described as follows [5]:

2 NHsg) = 3 Hz(g) + Nz(g)
ArH = + 45.9 kJ/moOlnHs Q)

The reaction is favored at high temperatures and
low pressures, considering that it is endothermic
and occurs with an increase in the number of
moles. This endothermic reaction requires energy
to break the chemical bond within ammonia and
temperatures above 180 °C to be
thermodynamically feasible [6]. At ambient
pressure the equilibrium conversion of ammonia
reaches values above 99 % at 400 °C while
elevated pressures require even higher
temperatures to achieve sufficiently high
conversion rates. The high energy demand is one



of the main concerns about the overall process
economics. Therefore, it is advantageous to
convert only a part of the ammonia into hydrogen
and to adapt it to the engine operation.

Ammonia decomposition can be accomplished via
thermal cracking, catalytic cracking or steam
cracking [7]. Thermal cracking of ammonia is
performed at temperatures around 1000 °C without
the presence of a catalyst. Catalysts can improve
the rate of ammonia decomposition and reduce the
temperature and pressure required for this process.
Apart from decreasing energy consumption, this
can also extend the lifetime of the equipment and
decrease production costs. In steam cracking
ammonia is combined with steam and subjected to
elevated temperatures in the presence of a
catalyst.

Typical catalysts include noble metals such as
platinum (Pt), ruthenium (Ru) and palladium (Pd),
as well as metal oxides such as iron oxide (Fe203)
and aluminum oxide (Al20O3). Catalysts are often
based on metal nanoparticles supported on high
surface area metal oxide and modified by different
types of promoters [8], usually alkaline [9]. Fe-
based catalysts and Fe—Co alloy-based ammonia
cracking catalysts are typically bulk-based
catalysts due to the relatively low cost of iron.

Ni-based catalysts are proven to be effective at
high temperatures and show a high technology
readiness level while Co—Fe based or Fe-based
catalysts can work at medium temperatures [8]. Ru-
based catalysts offer the advantage of working at
low temperatures but are often considered
uneconomical for the industrial scale due to the
high cost. While catalysts can significantly improve
the ammonia cracking process, they can also
present challenges, such as poisoning or
deterioration over time due to the accumulation of
impurities or adverse operating conditions. The
choice of catalyst can influence the selectivity of the
products obtained with some catalysts favoring the
production of hydrogen over nitrogen, while others
may enhance the selectivity towards nitrogen.

The catalytic cracking of ammonia starts with the
adsorption of ammonia on the active sites, followed
by a successive N-H bond scission, and then
formation of N-N and H-H bonds for nitrogen and
hydrogen recombination, respectively. In [10] it was
found that the rate-determining step (RDS) of the
ammonia decomposition changes with the
operating temperature. At low temperatures (300—
500 °C), the RDS is N recombination, while at
higher temperatures the RDS switches to the first
N — H cleavage. In [11] it was reported that the RDS
of NHs decomposition is the cleavage of N-H bond

for noble metals and the desorption of N2 for non-
noble metals.

Large-scale reforming reactors predominantly
operate in allothermal mode, meaning that the heat
for the endothermic reforming process is generated
by a burner unit. The heat supply to the reaction
zone occurs through the wall. Those processes are
suitable for stationary applications and limited in
terms of dynamics and start-up times. The reactor
limitation is the heat transfer rather than the kinetics
of the reforming reaction.

For dynamic applications, such as in internal
combustion engines, autothermal heat supply is
suitable. The heat generation occurs directly in the
reaction zone through catalytic partial oxidation of
the feedstock. In ammonia reforming, therefore a
portion of the ammonia is oxidized to provide the
energy for the endothermal reaction (see
Equation 1).[12] For this operating mode the choice
of reactor and the catalyst selection needs to
consider the risk of H20 adsorption on the active
sites, which may compete with NHs: and O,
hindering the hydrogen production [8] as well as the
process heat management, ensuring that the heat
generated in the combustion section is effectively
transferred to the reforming section. Kim et al. [13]
found that fuel-rich mixtures with an equivalence
ratio of 1.25 are favored for reduced nitrogen oxide
(NOx) formation.

Furthermore, the required heat can be provided
electrically. The benefits of electrical heating are
faster responses to demand changes, uniform
heating, and pollutant-free operation. In one
application the cracker could be fully operated
within 10 minutes from room temperature and
achieved 9.5 kWh electrical power consumption
per kilogram of produced hydrogen.[6] A drawback
of the electrical heater is that heat integration
between the reactor and a potential Hz purification
step is not feasible, limiting the energy efficiency of
the process. Induction is another option, but it
requires special non-conductive wall materials, and
the heat is provided from the outside.

Additional to different heating concepts membrane
reactor concepts are investigated in literature, in
which the chemical reaction and separation of Hz
through permeation by a palladium membrane are
performed in a single step. This type of reactor is
particularly suitable for applications where highly
purified hydrogen streams are crucial, such as for
proton-exchange membrane (PEM) fuel cells.
Internal combustion engines are more tolerant to
fuel impurities than PEM fuels cells. Therefore, the
high purity hydrogen that a membrane reactor can
provide is not required on engine applications.



In recent years ammonia crackers development are
specifically designed for engine-based applications
which means that only small fractions of ammonia
need to be decomposed to hydrogen to serve as
ignition and combustion promoter and where there
are little to none purity requirements for the
produced hydrogen [14][15].

In this article, a new technology concept is
investigated and described in more detail in
Chapter 3. The study focuses on conversion rates,
power demand, and achievable gas hourly space
velocities (GHSV). Experimental investigations of
ammonia combustion concepts on a single cylinder
research engine are used to derive the hydrogen
demand profiles for the ammonia cracker. Based
on these profiles and the requirements for fast
start-up capability, modularity and high transient
response the cracker layout is developed using
theoretical considerations and thermodynamic
simulations. Experimental investigations on a
small-scale cracking unit are conducted to assess
the performance potential and allow the
specification for a scaled-up cracker unit for
integration into a multi-cylinder engine (MCE)
system.

2 SPARK IGNITION AMMONIA ENGINE
COMBUSTION

Spark ignition (SI) combustion concepts for
ammonia engines predominantly use external
mixture formation of ammonia and air and employ
hydrogen in various quantities as an ignition
promoter. The hydrogen is usually mixed with the
ammonia-air mixture in the intake manifold. Spark
ignition concepts span the range from direct ignition
concepts with a centrally mounted spark plug in the
main combustion chamber to prechamber ignition
concepts with different scavenging variants.
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Figure 3: Schematic of the NHsz combustion
concept

The prechamber concept enables mixture
stratification with a fuel-rich mixture in the
prechamber or additional hydrogen supply directly

into the prechamber to enhance the ignition
conditions at the spark plug location. Adding
hydrogen directly to the prechamber instead of the
intake mixture might enable an overall reduction of
the required hydrogen fuel quantity. The
combustion concept employed in this paper is
using external mixture formation and a scavenged
prechamber. The concept is shown schematically
in Figure 3.

2.1 Experimental test set-up

The experimental investigations were carried out
on a high-speed 4-stroke single cylinder research
engine Figure 4.

Figure 4: Singe-cylinder research engine

For the present investigation the single cylinder
research engine (SCE) is equipped with a centrally
located pre-chamber and a shallow piston bowl
designed for a compression ratio slightly increased
compared to a typical gas engine. The engine
features a single camshaft with early intake valve
closing (IVC) before bottom dead center (BDC).
Further details of the engine configuration can be
found in Table 2.

Table 2: SCE technical specifications

General information
Rated speed 1500 min*

Displacement =3 dm?

Valve timing Miller valve timing

Number of intake

and exhaust 2/2

valves

Charge air Provided by external compressors with

up to 10 bar boost pressure
Hydrogen supply  Venturi mixer upstream engine cylinder
Ammonia supply  Venturi mixer upstream engine cylinder

Ignition system Supported via pre-chamber




All engine fluids including cooling water, lubricating
oil, fuel gas and charge air temperature are
controlled to ensure well-defined and reproducible
testing conditions. In lieu of a turbocharger, an air
compressor upstream of the engine and a flap in
the engine exhaust system are used to adjust
intake and exhaust manifold pressures. The test
bed is equipped with crank angle (CA) and time-
based measurement technology for all relevant
parameters. Piezoelectric pressure sensors were
used for pre-chamber, main chamber and intake
and exhaust port to investigate the thermodynamic
process during the combustion. In order to acquire
highly reliable and reproducible exhaust gas
measurements, an IAG FTIR system was used to
cover the whole range of exhaust gas components
of interest.

The key objectives of the investigation on the
single-cylinder research engine were to determine
the impact of various engine operating parameters
on the combustion performance and exhaust gas
emissions and to evaluate the feasible operating
range for a multicylinder application, particularly the
required fraction of hydrogen or cracked ammonia.
For the experimental investigation hydrogen was
supplied by pressurized storage tanks. Due to the
fact that the procurement and operation of the
ammonia cracker is impacting the capital
expenditure and the operating costs of the
complete system. Therefore, the maximum
hydrogen volume fraction was limited to 10 % for
full load operating. Since the total mass flow rates
for lower load operation is reduced compared to full
load operation, a higher hydrogen fraction is
feasible. Nonetheless, in order to maintain high
system efficiency, the focus was on using the
smallest amounts of hydrogen possible. In this set
of experiments the engine was operated with a
given indicated mean effective pressure (IMEP)
and a single independent parameter was varied
while the other parameters were maintained at a
fixed value. The combustion phasing, expressed as
crank angle where 50 % of the fuel energy has
been released (CA50), was maintained at a fixed
value by adjusting the ignition timing. The intake
manifold temperature was also maintained at a
fixed value, while the manifold pressure was
adjusted to achieve the target excess air ratio
(EAR). The pressure in the exhaust manifold was
set individually according to the turbocharger main
equation.

2.2 Experimental results

The results of hydrogen fraction variations at three
different IMEP are summarized in Figure 5. The
feasible operating range differs significantly for the
three load levels. While engine operation at 25.5
bar IMEP is feasible even without the addition of

hydrogen, reduced load levels require continuously
increasing hydrogen fractions.
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Figure 5: Performance and emissions results for
hydrogen fraction variations at different load levels

Approaching the lowest feasible hydrogen fraction
is characterized by increasing combustion duration,
higher cyclic variability and higher concentrations
of unburned ammonia in the exhaust gas.
Therefore, even for high load operation, it might be
desirable to operate the engine with small amounts
of hydrogen.

2.3 Hydrogen flow rate requirements

The required hydrogen volume fractions in the
engine can be translated into hydrogen mass flow
rate requirements for the ammonia cracker based
on the engine load, the total mass flow through the
engine and engine efficiency. The expected range
of required hydrogen mass flow rates is displayed
in Figure 6 and shows that between the lowest and
the highest demand a factor of approximately 8
needs to be covered by an ammonia cracker.
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3 DEVELOPMENT OF AN AMMONIA
CRACKER

A new technology concept is investigated that
combines an electrically supported catalyst carrier
with a catalytic partial oxidation reforming process.
This concept aims for quick start-up capability,
modular design, and high dynamic heating for
ammonia  reforming, enabling  on-demand
hydrogen production.

The dynamic operation is enabled by providing
heat directly to the catalytic zone. This easy-to
control option is based on electrically heated
catalyst carriers on which the catalyst can be
coated. The temperature at the catalyst can be
increased by elevation of the electrical voltage
applied. Another approach is autothermal operation
mode (ATR), which combines both exothermic (2)
and endothermic reforming reactions (1) on a
single catalyst. In this mode a portion of the
ammonia feedstock is utilized to generate the
necessary heat for the reforming process. Ideally
this operational method achieves a balance
between the heat produced by the reaction and the

heat needed for the endothermic

process.

reforming

To facilitate this operating mode air is introduced to
the reaction system to supply the required oxygen.
The oxygen ratio (A — defined as the ratio of
supplied oxygen to oxygen required for the
complete combustion of ammonia, cf. Equation 3)
is always maintained below 1.0. The more air is
introduced, the higher the temperatures in the
catalytic reactor. At the same time, the
concentration of hydrogen in the product gas
decreases, as larger volumes of water are
produced from reaction (2) and the additional
nitrogen volume increases with higher air flow
rates. A balance solely based on reaction
enthalpies would vyield an oxygen ratio of
approximately 0.13.

4NHs(g) + 3 O2(g) = 2 N2(g) + 6 H20(g)
ArH = - 316.8 kd/molnns (2)
A = O2, introduced / O2, stoichiometric needed for total oxidation ~ (3)
NH3(g) + A*(NH3) + 3 Oz + 3 * 78/ 21 Nzg) =
0.75 Hz(g) + 0.25 N2(g) + A*(6 H20(g)+ 3 * 78 / 21 Nz(g)
for A = 0.13 ArH approx. 0 kdJ/molnns (4)

A thermodynamic simulation of the reaction
equilibrium in autothermal operating mode with
varying amounts of air is presented in Figure 7
using the software CHEMCAD®. Heating up to the
corresponding reaction temperature is taken into
account, which implies that increasing the amount
of air also increases the heat capacity of the gas
stream because of its heat duty. The educts air and
ammonia enter the simulated Gibbs reactor at
20 °C. Heat recovery from the product gas to the
reactants as well as losses to the environment are
not considered.

a7 <1 200
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Figure 7: Results of thermodynamic simulation of
autothermal ammonia  reforming  showing
equilibrium temperatures and the hydrogen content
based on the equilibrium composition.



The thermodynamic maximum fraction of hydrogen
could be achieved at oxygen ratios of
approximately 0.17 with corresponding outlet
temperature of approximately 280 °C. At this
temperature a literature review of catalysts shows
a low activity for ammonia conversion and therefore
the thermodynamic maximum is not reached. In the
experimental section the temperature at the
catalyst was increased by increasing the power
input.

3.1 Cracker layout concepts

Electrically heated catalyst carriers, known from
exhaust gas treatment, enable a particularly
compact ammonia cracker design. They operate on
the principle of resistive heating, converting
electrical energy into heat based on ohmic
resistance. These systems made of different steels
are easy to control and can reach temperatures
exceeding 600 °C in less than 10 seconds. They
are long-term stable up to temperatures of 850 °C.
Typical diameters for such systems range from 100
to 500 mm, and the electrical voltage typically
applied ranges from 24 to 48 volts. Individual
coatings with metallic catalyst materials are
typically applied using dipping processes.

Optional, additional

! catalyst carrier
.
L ]
o N

Optional, additional
catalyst carrier

e
°

Electrical heated Thermocouples after

catalyst carrier  the last catalyst used

Figure 8: Cracker design based on an electrically
heated catalyst carrier and additional catalyst
carriers coated with a commercially available
ruthenium washcoat

In the washcoat that ultimately adheres to the
electrically heated catalyst carrier, highly dispersive
metal components such as ruthenium are
incorporated.  Different  Ru-washcoats  are
commercially available from various suppliers.

As can be seen in Figure 8 market-ready
electrically heated catalyst carriers have a flat disk
design and, in this embodiment, a maximum power
of 2.4 kW. Leveraging serial designs that are
produced in high volumes for the exhaust gas
treatment of cars significantly reduces production
costs, facilitating quicker commercialization. The

disk used in the present experiments had a
diameter of 118 mm, which is standard for heating
up diesel oxidation catalysts and a height of
10 mm, therefore a volume of approximately
110 ml. In the following, this is referred to as the
catalyst volume (Vca). To increase the reactive
surface, the structure was extended by additional
disks without electrical heating before and after the
electrically heated catalyst carrier in some of the
experiments, labelled as “optional, additional
catalyst carriers” in Figure 8. The distance between
the catalyst carriers was approximately 8 mm. A
computational fluid dynamic optimized mixer is
used to distribute the incoming ammonia evenly
across the catalytic zone.

The prototypes used in this work consisted of
catalyst carriers welded together with a tube that
has a cone upstream and downstream for gas inlet
and outlet. A mixer was placed upstream of the inlet
cone, and five K-type thermocouples with an
accuracy of +1.5 °C were placed in a circle at equal
intervals ten millimeters downstream of the catalyst
around the reactor circumference to evaluate the
uniformity of temperature distribution and prevent
overheating of the ruthenium-based catalyst. The
average of the measurement values of those five
thermocouples is indicated as the outlet
temperature.

3.2 Experimental test setup

The cracker prototypes are connected to an
experimental test setup with gas dosing, product
gas analysis and safety equipment (Figure 9).
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Figure 9: Experimental test setup including the
dosing section with MFCs, the catalytic ammonia
cracker and an ammonia washer.

The ammonia flow from a gas bottle with quality of
3.8 to the cracker prototype is controlled by mass



flow controllers (MFC) that have an accuracy of
+ 0.5 % of the measured value and * 0.1 % of the
final value. For all experiments in which no air was
added to the gas stream supplied to the cracker,
10 vol% of argon was dosed to the total educt gas
flow as an inert internal standard for analysis. The
intake gas flow was maintained at room
temperature.

Using a power supply, the electrical input power
could be adjusted individually. The cracker was
insulated with glass wool and sheet metal. The
product gas is cooled by a counterflow water
cooler. A regularly emptied condensate tank was
installed to remove most of the water from the
product gas flow. A partial flow of the product gas
was passed through a gas chromatograph from the
company Agilent 7890B type with thermal
conductivity detector using a throttle valve. The
developed chromatographic method allows for the
analysis of hydrogen, ammonia, water, nitrogen
and a mixture of oxygen and argon, which cannot
be differentiated. Prior to entering the analyzer,
water was condensed when using ATR, which
produces water via reaction equation (2), to deliver
comparable dry gas compositions. Furthermore, a
mass spectrometer was connected to assess
nitrogen oxide production when oxygen is present.
In the literature [16] no unknown species that can
represent nitrogen monoxide, nitrogen dioxide or
nitrous oxide were detected and nitrogen
production is dominant. The ammonia dissolved in
the condensing water was not analyzed. It is
assumed that the condensed water is saturated
with ammonia for all operating points. Based on this
assumption, it is ruled out that the dissolved
ammonia has an influence on the overall product
balance.

To purify the product gas before feeding the toxic
gas into the exhaust system, a gas scrubber
system from VUM was used to reduce the
maximum residual ammonia content to below
20 ppm. The washing liquid was diluted sulfuric
acid, whose pH-value and conductivity were
continuously monitored. The unreacted ammonia
was converted into a stable, less toxic, and non-
corrosive  ammonium  sulfate solution. The
maximum operating pressure of the washer was
80 mbar (gauge).

The cracker was operated in three different modes:
thermal cracking with electrically heated catalyst
carrier, autothermal reforming and a combination of
both modes. The start-up procedure was based on
switching on the electrically heated catalyst carrier
before adding air for ATR operation. In ATR
operation the electrical heater was shut down after
the start-up procedure.

In the experimental measurements each operating
point, characterized by the ammonia mass flow rate
and the heat input, was maintained for at least
20 minutes. Initially, the ammonia volume flow rate
was kept constant starting at 5 norm liters per
minute while the electrical power input was
incrementally increased. This adjustment was
executed in electrical cracking mode through a
stepwise increase of the electrical voltage, while in
ATR, the power input was augmented by
systematically elevating the air flow rate.

Both heat inputs can be described by the following
equation, in which the first term applies to the
electric input and the second term to the oxidation:

Piot = PeL + A * Mnms * LHVNH3 3)

The power input to the cracker was increased until
one thermocouple at the cracker outlet indicated a
temperature higher than 620 °C. A further increase
of the power input would have increased the risk of
damage of the catalytic material and was therefore
avoided. Subsequently, the ammonia volume flow
rate was increased, so that the outlet temperatures
decreased again. As a result, the heat input could
be successively increased again until one of the
thermocouples at the cracker outlet indicated a
temperature higher than 620 °C. Overall 228
operating points have been tested between 5 and
a maximum of 44 norm liters per minute, which was
limited by the maximum ammonia evaporation rate
that could be supplied by the infrastructure.

4 RESULTS

Figure 10 and Figure 11 depict a selection of
operating points that have generated the respective
hydrogen mass flow rate with minimum heat input
within the experimental series with the ammonia
cracker. The red star markers show operating
points with electrical power input, the green circles
show operation points in autothermal operation
mode.

The highest electrical power in the case of electrical
heating that could be supplied without reaching
620 °C after the catalyst was 1.5 kW regardless of
the ammonia mass flow rate. The maximum
hydrogen production rate in this mode reached
0.125 kg/h. The highest power input via oxidation
was 2.5 kW. The outlet temperatures in ATR with
high hydrogen generation were significantly lower
compared to electrical cracking.

The product gas contained only hydrogen, water,
ammonia and nitrogen. No oxygen and nitrogen
oxides were detected, which concludes that all
oxygen introduced via air reacted to water through
reaction (2). Oxidation reactions start catalytically
at 230 °C. The oxygen ratios used were between



0.15 and 0.3, so 15 to 30 % of ammonia introduced
was oxidized. The operating points depicted have
oxygen ratios between 0.18 and 0.22 showing the
favorable operation mode, suggesting that the
resulting catalyst temperatures were too low at
lower oxygen ratios and at higher oxygen ratios, too
much ammonia was oxidized, resulting in less
ammonia being available for reforming and
hydrogen production.
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Figure 10: Average outlet temperatures and
hydrogen production rates of selected ammonia
cracking experiments as a function of heat input.

A linear relationship between the supplied power
(Pwt) and hydrogen production can be observed.
This relationship suggests that an increase in input
power, whether through electrical or thermal heat
sources, is directly correlated with an increase in
hydrogen production. Adding catalyst volume has
an influence on the GHSV based on the following
equation with the educt gas volume flow at
standard temperature and pressure:

GHSV = Veducts, sTP / Vcatalyst (4)
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Figure 11: GHSV and hydrogen production rates

of selected ammonia cracking experiments as a

function of heat input.

The addition of air in ATR also influences the
GHSV, as mainly oxygen and nitrogen are added
to the educts. The maximum hydrogen mass flow
rate within the series of experiments was 0.21 kg/h
with the GHSV values of 30,000 1/h at ATR. Air was
dosed with an oxygen ratio of 0.22 and an outlet
temperature of 454 °C was reached. An overall
ammonia conversion of 80.4 % was calculated,
therefore 58.4 % of ammonia has been cracked
and 22 % has been oxidized in this operating point.
Accordingly, 19.6 % of the ammonia is passed
through the cracker unconverted. This leads to the
gas composition at the outlet of the ammonia
cracker shown in Table 3.

Table 3: Volumetric gas composition at ammonia
cracker inlet and outlet measured by gas
chromatography at the maximum hydrogen
production operating point

Composition ammonia cracker inlet [vol%]

NH3 N2 Ar Oz Hz Hzo

56.0 34.3 0.4 8.2 0 0

Composition ammonia cracker outlet [vol%)]

NH3 N2 Ar Oz Hz Hzo

measured measured measured measured measured calculated

8.1 41.9 0.3 0 36.1 13.6

If the ammonia cracker is applied to a multi-cylinder
engine application, the power demand of the
cracking process reduces the effective efficiency
(Mepce) Of the complete system. In Figure 12 the
impact of the Hz energy fraction on 7,,,.. is shown
for three different cases. In the first case no cracker
is used and H: is provided as a pure fuel source. In
this scenario 7,,,.., shows a marginal change in
response to a variation in Hz energy fraction and is
mainly related to a change in gas properties and
the combustion process. When ATR cracking is
employed, a pronounced linear decrease in 7e,, ..
is observed compared to the case without cracker
as the Hz energy fraction is increased. A further
decrease in 7,,,.. can be seen by using electrical
heating for the cracker. In this case it is assumed
that the electrical power is supplied by the
generator of the MCE. In this case, the efficiency
chain (engine efficiency and generator efficiency)
of the conversion of fuel into electrical power is
taken into account and leads to a further decrease
of n,,,.; cOMpared to the ATR case.
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Figure 12: Impact of ammonia cracking on the
engine effective efficiency as a function of the
hydrogen energy fraction

5 CONCLUSIONS

The development of an ammonia cracker prototype
that can be operated with electrically supported
catalyst carrier and ATR based on partial ammonia
oxidation presents a promising approach for on-
demand hydrogen production in engines. The
experiments conducted on a prototype ammonia
cracker have demonstrated the effectiveness of
ruthenium-based catalysts, expanding the
knowledge from small-scale laboratory tests. The
catalysts and their carriers used were stable for
more than 150 hours of ammonia reforming
operation.

The results exhibit the bifunctionality of ruthenium-
based catalysts for both ammonia cracking and
oxidation, initiating reactions at temperatures as
low as 230 °C. This suggests that the light-off
temperature of ammonia on ruthenium is near this
temperature, but this must be investigated in more
depth to define a reliable value. The catalysts were
highly active for oxidation, as no residual oxygen
was found in the product gas. Since no nitrogen
oxides were detected either, all introduced oxygen
can be accounted for in the water fraction of the
product gas. A combination of electrical heating,
which is advantageous for quickly achieving the
desired temperatures at the start-up and ATR
mode, which is advantageous for higher hydrogen
production rates was successfully demonstrated.
The highest hydrogen production rate was reached
with an oxygen ratio of 0.22, which is slightly higher
than the theoretical oxygen ratio of 0.17 for
maximum hydrogen fraction (compare Figure 7).
This suggest that around 22 % of the heat input is
released to the surrounding environment. This

could be improved by insulation and direct

integration to the engine.

The results have shown that a linear relationship
between the supplied power and the produced
hydrogen mass flow rate can be accomplished by
selecting an appropriate set of operating
conditions, i.e., heat supply to the catalyst,
ammonia and air flow rates. Furthermore, based on
this linearity, very simple process control and
integration in the engine power control can be
realized. The ammonia and air mass flow rates,
however, will have to be controlled with a more
complex scheme since no linear correlation was
established for these quantities.

The comparison of outlet temperature values
between cases with pure ATR operation and
experiments with ATR and electrical heating
suggests that the greater dilution with nitrogen in
air has a significant impact lowering the outlet
temperatures. The results emphasize the necessity
of homogeneous heat input and uniform flow
through the catalyst in the design of ammonia
crackers to ensure optimal reaction conditions and
improved efficiency. There is still more potential of
hydrogen production with an electrically heated
catalyst carrier, as only 1.5 of 2.4 kW could be used
with one disk in the electrical cracking mode with
the current design. Based on the results it is
recommendable to use the pure electrical heating
mode for start-up and afterwards switch to ATR by
adding air if the electrically heated catalyst carrier
is the costliest component of the cracker.

Compared to values from the literature high
ammonia flows could be processed in a relatively
small reaction volume, thus achieving high GHSV
of 20,000 to 30,000 per hour and fast load changes.
By extrapolation of the hydrogen production rate in
ATR the required catalyst volume of a cracker that
could supply 0.47 kg/h hydrogen for the SCE used
in this experiment would be approximately 0.7
liters. This enables easy integration into the engine
architecture later. Additional efficiency
improvements might be achievable if engine
exhaust gas enthalpy is used as a supplementary
heat supply for the cracker. For combined heat and
power engine applications where the engine heat
streams are already utilized this option might not be
available. A future, larger cracker setup that is
coupled to the engine could benefit from enhanced
insulation and reduced thermal bridges to the
colder environment. This would result from a more
favorable ratio of catalyst volume to external
surface area, promoting better thermal efficiency
and minimizing heat loss. Such design
considerations are essential for optimizing the
overall performance of the ammonia cracking
system while leveraging waste heat from engine



operations. Furthermore, the implementation of
robust control strategies will be essential to
optimize the operation of the cracker, balancing the
heat supply and maximizing hydrogen production
while minimizing potential risks associated with
temperature fluctuations.

When considering the overall efficiency of the
engine, the energy required for the cracking
process must be taken into account. The additional
energy required by the cracker, either from the ATR
process or the electrical heating process, will
reduce the overall efficiency of the engine.
Estimations based on the laboratory experiments
indicate that the reduction in engine efficiency is
twice as high for the electrical cracking process as
with the ATR process. The efficiency penalty due to
the ammonia cracking process could potentially be
reduced by an estimated 30 % through a reduction
of heat losses to the environment.

In addition to the efficiency considerations the
cracker operating strategies also have to be
adjusted to the engine operating strategies and the
engine combustion concept since different cracker
operating modes result in different ratios of
hydrogen and ammonia as well as nitrogen and
water in the product gas. If the cracker product gas
of ATR operation is fed into the pre-chamber of the
engine the nitrogen dilution and presence of water
might impact the ignition process in the pre-
chamber.

6 DEFINITIONS, ACRONYMS,

ABBREVIATIONS
ANR: Ammonia to NOx ratio
ATR: Autothermal operation mode
BDC: Bottom dead center
CA: Crank angle
CA50: Combustion phasing
CO,:  Carbon dioxide
COV: Coefficient of variation

GHSV: Gas hourly space velocity

GWP: Global warming potential

H2: Hydrogen

H20:  Water

IVC: Intake valve closing

IMEP: Indicated mean effective pressure

K: Kelvin
kW: Kilowatt

LHV: Lower heating value

MCE: Multi-cylinder engine

NHs:  Ammonia

NOx: Nitrogen oxides

N2: Nitrogen

N2O:  Nitrous oxide

P: Power

RDS: Rate determining step

Ru: Ruthenium

SCE: Single cylinder research engine
Sl Spark ignition

STP: Standard Temperature and Pressure
Vca:  Volume of coated catalyst carrier
A: Oxygen ratio
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