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1. EXECUTIVE SUMMARY
1.1. Description of the deliverable content and purpose

Subtask 2.3.2 associated to this deliverable D2.3 focuses on the modelling of gas permeation through Pd-
based membranes used in the ammonia decomposition process, with the aim of accurately describing
hydrogen separation performance under realistic operating conditions. The work is led by TU/e and TEC
and represents a critical component in understanding the interplay between membrane transport and
catalytic/sorption phenomena in the integrated system.

The main objectives of this subtask are:

1. to determine the fundamental permeation mechanisms—adsorption, diffusion, and competitive
transport—for the key species involved (H,, N,, NH3) through Pd-based membranes,

2. to perform experimental permeation tests under pure and mixed gas conditions in order to extract
relevant physical parameters for accurate modelling,

3. to quantify the influence of membrane defects and selectivity limitations, especially with respect to
trace NH3 permeation, which is critical for PEM fuel cell compatibility,

4. to develop a mechanistic and predictive permeation model that can be integrated with the kinetic
and sorption models developed in Subtask 2.3.1,

5. to support system-level simulations and reactor design activities in Subtask 2.3.3 by providing
validated membrane performance data and modelling tools.

1.2. Brief description of the state of the art and the innovation brought

Hydrogen is widely recognized as a key enabler of the energy transition and plays a central role in
several industrial processes as well as in clean energy applications. Its potential to replace fossil
fuels is particularly valuable in sectors where carbon emissions must be minimized or eliminated
entirely[1], [2], [3], [4], [5], [6].However, the current production routes for hydrogen remain heavily
reliant on non-renewable resources, with steam methane reforming and coal gasification being the
most widely used technologies. These conventional processes are associated with significant
greenhouse gas emissions, which stand in stark contrast to global decarbonization goals.[3] To
address this issue, the development of sustainable hydrogen production methods has become a
global priority.[1] While water electrolysis powered by renewable electricity offers a promising
pathway for green hydrogen production, challenges remain with respect to the storage and
distribution of hydrogen.[7] Due to its low volumetric energy density, hydrogen must typically be
stored at high pressures or in cryogenic form, both of which require complex and costly
infrastructure that is not yet widely available. In this context, ammonia has emerged as a highly
attractive hydrogen carrier. Ammonia (NH;3) can be synthesized using green hydrogen via the
Haber-Bosch process and, once produced, can be stored and transported using existing
infrastructure. Compared to hydrogen, ammonia is much easier to liquefy, has a lower cost per unit
of stored energy, and benefits from a well-established global supply chain. These advantages make
ammonia a promising vector for storing and transporting green hydrogen, particularly for
decentralized applications. The decomposition of ammonia into nitrogen and hydrogen is a carbon-
free process that can serve as a clean source of hydrogen when conducted using green ammonia.

(2], [4]
The reaction is described by the following equation:
2NH; & 3H,+ N, AH, = 46.2 K] mol™!

However, to obtain high-purity hydrogen suitable for end-use in devices such as (PEM) fuel cells,
which are highly sensitive to impurities such as residual ammonia, two steps are necessary:

1. Ammonia decomposition step,

2. the separation of hydrogen from the reaction mixture, which contains nitrogen and potentially
unconverted ammonia.
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Traditionally, these two steps are carried out in separate units. However, recent advances in
membrane reactor technology offer the possibility to combine both functionalities in a single,
compact system.[8] By integrating a selective membrane that continuously removes hydrogen from
the reaction zone, it is possible to enhance ammonia conversion through equilibrium shifting while
simultaneously producing high-purity hydrogen. In addition to increasing conversion, membrane
reactors offer several advantages over conventional fixed-bed systems, including reduced footprint,
improved energy efficiency due to operation at lower temperatures (with new generation catalysts),
and enhanced performance using process intensification[9], [10].

Experimental evidence from literature has consistently shown that the best performances in terms
of ammonia conversion, hydrogen recovery, and purity are achieved using ruthenium-based
catalysts in combination with ultra-thin palladium membranes.[9], [11], [12]

The activities outlined in Deliverable D2.3 aim to characterize, model, and optimize such Pd-based
membrane systems with a focus on the physical transport mechanisms involved in hydrogen
separation. In particular, the task addresses the permeation behaviour of pure and mixed gases
(Hz, N2, NH3) through these membranes, evaluating the roles of diffusion and surface adsorption,
and providing the parameters necessary to describe membrane performance under realistic
process conditions. The outcome of this work will serve as a critical foundation for the modeling and
design of integrated catalytic-membrane reactors capable of delivering high-purity hydrogen from
green ammonia under dynamic operating conditions.

State of the Art on Hydrogen Separation Membrane Technologies

In the framework of hydrogen production from ammonia cracking, membrane technology plays a
central role by enabling the selective removal of hydrogen from the reaction zone.[13] This
intensifies the equilibrium-limited decomposition process and ensures the delivery of high-purity
hydrogen, particularly for sensitive downstream applications such as proton exchange membrane
(PEM) fuel cells. The identification of an appropriate membrane technology is therefore essential to
ensure both the technical viability and long-term reliability of integrated membrane reactors.[14],
[15]

Hydrogen-selective membranes can generally be categorized into four main classes based on the
material employed:

¢ metallic membranes,
e ceramic membranes,
e polymeric membranes,
e composite membranes.

Each category is characterized by distinct transport mechanisms, operational constraints, and levels
of maturity, which influence their applicability in the context of membrane reactors for ammonia
decomposition.[16]

Metallic membranes, particularly those based on palladium (Pd) and Pd-alloys, represent the gold
standard in hydrogen separation due to their unmatched combination of permeability and selectivity.
In these systems, hydrogen molecules dissociate into atoms on the membrane surface, diffuse
through the metal lattice, and recombine on the permeate side. This mechanism enables metallic
membranes to deliver hydrogen with purity exceeding 99.999%, a critical requirement for PEM fuel
cells. However, challenges remain in terms of material cost, membrane stability under long-term
operation, and resistance to poisoning or embrittlement. Moreover, Pd-based membranes generally
require elevated temperatures (above 300—350 °C) to achieve meaningful permeation rates, which
must be considered when designing membrane-assisted ammonia decomposition systems
targeting mid- to low-temperature operation. Ceramic membranes, in contrast, are based on
inorganic materials such as oxides, carbides, or nitrides and can operate under aggressive thermal
or chemical environments with greater robustness. While their hydrogen permeability is generally
lower than that of Pd-based membranes, ceramic membranes can offer excellent selectivity
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depending on the transport mechanism involved, whether through molecular sieving, surface
diffusion, or mixed ionic-electronic conduction. Their long-term thermal and chemical stability makes
them suitable for integration in catalytic membrane reactors where structural integrity over many
thermal cycles is essential. However, limitations related to hydrogen flux and sealing complexities
can hinder their widespread use in compact, high-performance systems. Polymeric membranes are
typically employed in low-temperature hydrogen separation applications, such as pressure swing
adsorption units or fuel processors. Made from organic polymers, these membranes can offer
competitive selectivity and are often easier and more cost-effective to process. However, they are
generally unsuitable for high-temperature operations like ammonia decomposition, due to their
limited thermal and chemical stability. Their role in the context of high-temperature membrane
reactors is therefore minimal. Composite membranes aim to overcome the limitations of individual
membrane materials by combining them into hybrid structures. Examples include polymer matrices
embedded with inorganic fillers or metallic membranes supported on ceramic or metallic porous
substrates. These configurations seek to improve hydrogen permeability, mechanical strength, and
resistance to thermal cycling while reducing overall membrane costs. In recent years, significant
efforts have been devoted to developing metallic-supported membranes, especially those based on
modified stainless steel substrates. These supports offer enhanced mechanical robustness,
improved compatibility with industrial reactors, and reduced sealing complexity compared to fully
ceramic structures. However, the intrinsic roughness and wide pore size distribution of raw metal
filters necessitate surface pre-treatment strategies, such as infiltration with a-alumina particles, to
facilitate the deposition of dense and defect-free Pd-layers. In light of these considerations, the
development and optimization of membrane materials tailored for hydrogen separation under the
specific conditions of ammonia decomposition, namely, moderate to high temperature (400-
500 °C), the presence of ammonia, nitrogen, and hydrogen, and the requirement of high hydrogen
purity, remains an active area of research. The current work carried out within Deliverable D2.3
recognizes these challenges and aims to advance the understanding and modelling of hydrogen
permeation phenomena in Pd-based and supported membranes, accounting for mixed gas effects,
structural limitations, and long-term performance. This effort will support the design and integration
of membrane systems within ammonia cracking reactors and contribute to the broader objective of
deploying decentralized, low-carbon hydrogen production technologies.

2. Brief Description of Work Carried Out
2.1. Background and Strategic Relevance

Within the framework of Task 2.2 of the APOLO project, a key objective is to explore and model
membrane-based hydrogen separation systems to be integrated into ammonia decomposition
reactors. The focus is particularly on Pd-based membranes, which are widely recognized for their
high hydrogen selectivity and permeability. Their mature technological status makes them an ideal
platform for advancing new membrane configurations tailored for efficient hydrogen production from
ammonia cracking.

2.2. Rationale for Innovation: Hollow Fiber Pd-Membranes

In line with APOLQ’s innovation-driven goals, special attention is being devoted to palladium hollow
fiber membranes, a novel configuration that has seen application in other areas of gas separation
but has not yet been fully investigated in the context of ammonia decomposition. [17]This represents
a pioneering research avenue within the project, aimed at overcoming some of the limitations of
traditional flat or tubular membranes. Key advantages include:

¢ Increased membrane packing density,
¢ Reduced system volume and footprint,
e Enhanced integration flexibility within compact membrane reactors.

This innovation pathway does not aim to replace the Pd-membranes already developed by other
partners in the APOLO prototype designs, but rather to complement them, offering an alternative
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route for improving long-term efficiency, scalability, and economic viability of hydrogen production
systems.

2.3. Experimental Setup and Early Modelling Activities

Thanks to timely progress in other tasks of WP2, preliminary preparations began prior to M12. A
custom experimental setup was prepared and installed at our laboratory, tailored to perform the full
experimental campaign. These tests employed custom Pd-membranes developed by TU/e.

The data generated from these experiments enabled the formulation of a simplified permeation
model, capturing the essential transport mechanisms relevant to Pd-based membranes. This model
was then successfully coupled with the 1D reactor model and the kinetic model already developed
and reported in Deliverable D2.2 (Section 5), thereby resulting in an integrated simulation tool
capable of describing the performance of scale up Packed Bed Membrane Reactor.

2.4. Current Progress and Technical Challenges (as of M12)

As of project month M12, the development of the hollow fiber Pd-membrane system has advanced
with the delivery by Tecnalia of the first batches of thin metallic capillaries, which will serve as the
structural base for the fabrication of the new membranes. These capillaries are extremely narrow in
diameter, which introduces specific technical challenges related to their integration into
experimental and operational setups. The most critical issue currently encountered concerns the
connection of the capillary to the metal fittings required for mounting in the permeation test rig. Given
the small diameter of the capillaries, achieving a reliable and gas-tight seal is particularly
demanding. One of the early solutions explored involved the use of high-temperature-resistant
adhesives. However, while some adhesives can withstand up to 300 °C, this temperature is at the
lower operational threshold for Pd-based membranes, which typically require temperatures above
300°C to activate hydrogen permeation via the solution-diffusion mechanism. Below this
temperature, palladium membranes are not effective, as the permeation mechanism becomes
severely limited. This is due to the fact that hydrogen solubility and diffusivity in palladium are both
highly temperature dependent: at low temperatures, the hydrogen atoms are not sufficiently mobile
within the metal lattice, and the surface adsorption/desorption steps are kinetically hindered, leading
to a dramatic drop in flux.

To overcome this limitation, it has been decided to adopt a welding-based approach for connecting
the capillaries to the metallic fittings. However, the welding process presents significant difficulties,
mainly due to the precision required to join very small, thin-walled capillaries to equally small metal
connectors without damaging the membrane or compromising the structural integrity of the joint.
The welding must ensure leak-tightness, mechanical robustness, and compatibility with high
operating temperatures, making this a delicate and technically demanding task that is currently
under optimization. Ongoing efforts are focused on refining this welding technique in collaboration
with manufacturing partners, as it represents a crucial step in enabling the reliable testing and
further development of the hollow fiber membrane modules within the APOLO project.

3. Experimental Set-up

In this Deliverable D2.3, we describe the experimental activities carried out to scale up and test the
performance of palladium-based membranes. These experiments were conducted using a specially
designed membrane reactor system, built and installed at our facilities specifically for this purpose.
The main goal of this setup is to allow testing of membrane modules under realistic operating
conditions, including flow rates and temperatures, that reflect those expected in future industrial-
scale reactors. This new system represents a significant step forward compared to the smaller,
reactor used for the initial catalytic tests described in Deliverable D2.2. That earlier reactor was
mainly used for catalyst screening and kinetic studies, providing valuable preliminary data.
However, it was not designed to handle the larger scale and more demanding conditions needed
for thorough membrane performance evaluation. To move forward, it is developed a larger,
dedicated reactor that could better mimic a bigger scale closer to industrial environments. The
system includes advanced thermal control, with high-capacity furnaces and precise heating zones
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regulated by Temperature sensors to maintain stable temperatures around 450°C along the entire
membrane length. This ensures consistent operating conditions necessary for reliable testing.

To handle higher feed flow rates typical of pilot-scale operations, the system is equipped with mass
flow controllers capable of managing larger volumes of gases. The piping and seals are reinforced
and made from corrosion-resistant materials that can safely withstand pure ammonia feed streams
and high temperatures. For continuous monitoring of the process, real-time gas analysis tools such
GC-instrument is installed downstream of the membrane module and in the retentate side. These
instruments measure concentrations of hydrogen, nitrogen, and ammonia, enabling accurate
evaluation of membrane selectivity and permeation performance.

Safety is a key concern in this setup due to the use of toxic and flammable gases at elevated
temperatures. Therefore, the reactor includes enhanced safety features such as ammonia sensors,
pressure relief valves, and automated shutdown systems to ensure safe operation at all times.

3.1. Reactor Configuration

The reaction tests involving the developed catalyst and palladium membrane were conducted in a
dedicated experimental reactor setup specifically designed to accommodate both membrane
modules and catalytic materials within a single system. The core of this setup is a tubular reactor
constructed from stainless steel grade, selected for its excellent mechanical strength and corrosion
resistance under high-temperature and reactive gas environments.
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Figure 1. Experimental set-up configuration

The reactor is designed with dimensions that strike a balance between providing adequate volume
for accommodating both the catalyst bed and the membrane system, while maintaining favourable
flow and heat transfer characteristics. To ensure consistent and well-controlled temperature
conditions throughout the reactor length, the tubular body is installed within a multi-zone furnace,
allowing for independent thermal regulation along different sections of the reactor.[18].
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Figure 2. Reactor: (a) Empty, (b) Membrane Only, and (c) Packed Bed Membrane Reactor
Configuration[18]

The heating system allows independent control of different parts of the reactor, creating a stable
temperature environment that is essential for consistent reaction performance and accurate
membrane testing. Temperature stability is maintained using an advanced PID controller integrated
with the furnace, keeping the reaction zone within precise temperature limits. The reactor includes
proper feed lines with a preheating system for the reactant gases. Specifically, the feed gas is
preheated along the line using an electric heat tracing cable to prevent condensation or early
reactions before the gas reaches the reaction chamber. This ensures the gas enters the reactor at
the right temperature to optimize the reaction.

Pressure inside the reaction zone is carefully controlled with a precision pressure controller to keep
the pressure at set values. This control is important for managing the reaction and for protecting the
membrane, since pressure differences can affect its performance and safety.

Gas flows on both the feed and permeate sides are monitored and controlled using accurate mass
flow controllers, which help deliver precise gas amounts and ensure reliable, repeatable
experiments. After the membrane reactor, the gas composition of both the retentate and permeate
streams is continuously analysed by a gas chromatograph with dual detectors. This setup allows
real-time measurement of gas species, giving important information about membrane selectivity
and catalyst activity. The reactor design also includes features for calibration and validation of gas
flow measurements, using high-precision flow meters to ensure all gas readings are accurate and
trustworthy.

The membrane module is installed directly on the reactor flange, integrating smoothly with the
reaction chamber. Catalyst particles are placed inside the tubular reactor, arranged to maximize
contact with the membrane and improve reaction and separation efficiency.

Finally, the whole reactor system is built for safety and reliable operation. Materials and components
are chosen to withstand the harsh environment of ammonia and hydrogen at high temperatures and
pressures. The design includes proper sealing, leak prevention, and controlled heating rates to
protect the membrane from damage, such as hydrogen embrittlement during heating.This detailed
reactor setup provides a solid basis for experimental work, allowing thorough and controlled testing
of membrane and catalyst performance under realistic conditions.

4. Experimental Tests In Scaled-up Packed Bed Reactor (PBR)

The experimental campaign was carried out under carefully controlled operating conditions to
ensure reliable and reproducible results. The reactant feed was preheated along the supply line
using an electric heat tracing cable to avoid condensation and promote optimal reaction kinetics.
The reaction temperature was precisely controlled within a defined range, with a gradual heating
ramp to protect the membrane and catalyst materials from damage. The heating rate during ramp-
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up was carefully managed to maintain system integrity. Reaction pressure was regulated within
specific limits using a dedicated pressure controller to replicate conditions relevant to industrial
processes. To guarantee accurate measurement and control of gas flows, the system included high-
precision instruments for calibrating mass flow controllers. The compositions of gases leaving both
the feed and permeate sides were continuously analysed by a gas chromatograph equipped with
dual detectors, enabling real-time monitoring of reaction progress and membrane selectivity.

Safety and membrane integrity were ensured by controlling the atmosphere during heating. For
example, an inert gas was supplied until a certain temperature was reached to prevent hydrogen
embrittlement of the membrane. Afterwards, a controlled reducing gas mixture was introduced to
activate the membrane and catalyst. These strictly controlled operating conditions formed the
foundation for all experimental tests, including baseline trials in the packed bed reactor
configuration, ensuring consistency across the study and allowing meaningful comparisons
between different reactor setups.
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Figure 3. Scaled-up Packed Bed Reactor Experiments

To establish a reliable benchmark for evaluating the performance of the membrane reactor, the
experimental tests described above, were carried out using a conventional packed bed reactor
(PBR) configuration. These experiments were performed under the same operating conditions later
used in the membrane reactor tests, in order to enable a consistent and meaningful comparison.

In the conventional PBR setup, the reactor operated without hydrogen separation: the permeate
side of the membrane module was sealed, and all reaction products, hydrogen (H;), nitrogen (N,),
and any unconverted ammonia (NH3), exited through the retentate stream. This configuration
essentially behaves like a traditional fixed-bed reactor, and the results obtained serve as a
performance baseline in the absence of membrane-assisted hydrogen removal.

These baseline test is crucial because it isolate the catalytic behaviour of the system without the
influence of membrane separation. By quantifying the performance in this “hon-membrane” mode,
it becomes possible to later isolate and highlight the advantages brought by the integration of the
palladium membrane. In particular, comparisons between the PBR and the membrane reactor allow
us to assess how membrane-driven selective hydrogen removal enhances the reaction
performance. This is especially important because, in ammonia decomposition, the equilibrium-
limited nature of the reaction can be overcome by continuously removing one of the products Ha,thus
shifting the equilibrium toward further conversion of NHs. This benefit is not captured in the PBR,
and therefore, the PBR results effectively represent the theoretical ceiling for a non-membrane-
assisted configuration. In conclusion, the conventional PBR tests provide a critical reference point
that enables a quantitative and qualitative evaluation of the improvements introduced by the
membrane-based system, including increased ammonia conversion, enhanced hydrogen yield, and
the potential for high-purity hydrogen production directly within the reactor.
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5. Experimental Tests In Scaled-up Packed Bed Membrane Reactor (PBMR)

Following the preliminary tests carried out in the conventional packed bed reactor (PBR)
configuration, previously described in detail in section 4, the reactor was subsequently operated in
membrane mode (PBMR) by opening the permeate line, allowing selective hydrogen extraction
through the palladium-based membrane. This modification enabled the system to shift from a
traditional conversion-limited regime to a reaction environment influenced by continuous hydrogen
removal.
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Figure 4. Scaled-up PBMR Experiments and experimental
configuration

comparison with Scaled-up PBR

Under the same operating conditions, specifically a reaction pressure of 4 bar and a defined space
velocity, the membrane reactor (PBMR) showed a significant increase in ammonia conversion
compared to the conventional packed bed reactor (PBR) over the temperature range of 350 to 425
°C. The biggest improvements were seen at lower temperatures, where the reaction is usually
limited by thermodynamics. For example, at 350 °C, the PBMR achieved about 15% higher
ammonia conversion than the PBR. This improvement is due to the membrane’s ability to
continuously remove hydrogen, one of the reaction products, shifting the reaction equilibrium
forward. At higher temperatures like 375 °C and 400 °C, the PBMR not only outperformed the
conventional reactor but also reached or even exceeded the conversion levels expected at
thermodynamic equilibrium without product removal. These results underscore the impact of
membrane integration in enhancing single-pass conversion efficiency under process-relevant

conditions.
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Figure 5. Ammonia conversion behaviour as function of pressure in PBR and PBMR configurations
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The effect of pressure was also investigated in both configurations, as reported in Figure 5. While
the PBR exhibited a decline in conversion with increasing pressure, consistent with the equilibrium,
limited nature of ammonia decomposition, the PBMR displayed a contrasting trend. In this case,
higher pressures led to improved ammonia conversion. This can be attributed to the increase in
hydrogen partial pressure differential across the membrane, which enhances permeation and thus
facilitates greater reaction progress by continuously shifting the equilibrium forward.
Correspondingly, hydrogen recovery in the PBMR also improved with pressure, exceeding 86% at
425 °C, along with a hydrogen purity above 99.99%. These findings align with previous literature
and confirm that membrane reactors can significantly outperform conventional systems by coupling
reaction and separation, ultimately breaking equilibrium limitations and enabling more efficient
operation.

6. Packed Bed Membrane Reactor Modelling: Mass and Energy Balances

The modeling framework employed in this study is based on the same one-dimensional (1D)
pseudo-homogeneous model developed and validated in Deliverable D2.2. This approach was
implemented in Python and relies on a kinetic expression specifically fitted for the custom-made Ru-
based catalyst (PR019), developed at TU/e and described in Section 5 of D2.2. The model, originally
validated through extensive experimental data and confirmed against an independent dataset, was
applied here to simulate the performance of the scaled-up packed bed membrane reactor (PBMR).
To accurately capture the behaviour of the system, the model includes both a mass balance and an
energy balance, each developed under a consistent set of assumptions, detailed below.

6.1. Modelling Assumptions
The following global assumptions apply throughout the model:

e One-dimensional plug-flow regime, with variations in composition and temperature only
along the axial coordinate (z);

e Steady-state operation;

e Ideal gas behaviour;

¢ Negligible pressure drop along the reactor;

e Axial heat conduction is negligible compared to convective heat transport;

¢ Intra- and inter-particle mass and heat transfer resistances are negligible, justified by small
particle sizes and high gas velocities;

¢ High thermal conductivity of the reactor wall (stainless steel) ensures negligible temperature
gradients through the wall thickness;

e The reactor wall is assumed to be at constant temperature, set 10 °C higher than the inlet
gas temperature, based on experimental observations.

6.1.1. Mass Balance

@ _ VirNH3w(cat)AC
dz Vz
The inlet boundary condition is:
Atz = 0, Fi(O) = Fin(tot) .yi(in)

This equation was numerically solved using Python, and the parameters in the kinetic expression
were previously optimized by minimizing the sum of squared residuals between experimental and
model-predicted conversions. The same kinetic model validated in D2.2 was adopted for all
simulations.
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6.1.2. Energy Balance

To account for thermal effects observed experimentally, especially under scale-up conditions, a
non-isothermal energy balance was introduced. The model assumes heat exchange between the
gas phase and the reactor wall, which is maintained at a constant temperature 10 °C higher than
the inlet temperature.

The energy balance equation is:
d_T _ _rNH3(‘)(cat)AcAHr thsAc(Ta) B T)
dz VR Ftothmix VRFtothmix

Boundary condition :
Atz=0,T =Ty,

This energy balance enables the model to simulate the axial temperature profile along the reactor,
taking into account both the heat consumed by the endothermic reaction and the thermal exchange
with the reactor wall. This approach improves the accuracy of the predictions and aligns the model
with the behaviour observed in the experimental setup.

6.2. Packed Bed Reactor (PBR) Modelling

After validating the kinetic model, a numerical simulation was carried out for the Packed Bed
Reactor (PBR), operating at 4 bar and various inlet temperatures. Since the kinetic and adsorption
parameters were originally determined at 1, 3, 5, and 7 bar, a cubic interpolation was used to
estimate the required values at 4 bar. This was performed using the interp1d function in Python.
The initial simulations assumed isothermal reactor conditions, as illustrated in Figure 6.

100 —
—
. MAPE = 8.66%
- 80
S~
c
kel
g 60 .
=
c
3
-g 40
£
g 20 —— Model - PBR
«  Experimental - PBR
Equilibrium
0 350 375 400 425

Temperature (° C)
Figure 6.1sothermal Packed Bed Reactor (PBR) Model at 4 bar

However, these simulations consistently overpredicted, with e MAPE of 8.66%, reactor performance
compared to experimental data, suggesting that non-isothermal effects, such as axial heat transfer
and reaction exothermicity, play a significant role. In particular, uncertainties in the wall temperature
distribution emerged as a critical factor. As a result, the wall temperature was treated as a fitting
parameter. By setting the wall temperature to 10 °C higher than the inlet gas temperature, the model
predictions aligned more closely with the experimental data obtained under the conditions described
in section 4.
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Involving also the Energy balance in the simulation an accurate simulation of temperature profiles,
reproducing the expected trends in ammonia consumption.
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Figure 8. Temperature profile in Packed Bed Reactor at 4 bar

In the following plot it is also reported how ammonia concentration and Hydrogen concentration
profiles change along the reactor length. These profile are important not only to understand how the
concentration profile change along the reactor, but also to ensure direct comparison with the
temperature plot reported in Figure 8.

Public



Ny

~ 0
o

i‘"*f“" APOLO

re

port

D2.3 Membrane permeation model

Proj. Ref.: APOLO-101138466
Doc. Ref.: APOLO-WP02-D23-DLR-TUE-

30062025-final.pdf

Date: 04/07/2025
Funded by the 107/
European Union Page N°: 14 of 20
50 70

— V\ —_—

RS 60%

= SN S =

© 40 \\:\: - ©

£ R 50E

g \\ \\ S~ / S —— Hydrogen Concentration

'ﬁ 30 AN ‘\\ S~o 40'*3 ----- Ammonia Concentration

= N ~ Sao £ = 350°C

o N s =~ @ = 375°C

[S] N ~ ~ Q

520 » pN Sso_ (305 = a00cc

© AN < N ° 425°C

O N S 20 5

5 g N g

A S
E 10 \‘ \\\\ -E
< M. ~y1oe
\\\
%.0 0.2 0.4 0.6 0.8 1.8

Dimensionless reactor length (z/L)
Figure 9. Concentration profile in Packed Bed Reactor at 4 bar

The model reliably captured the observed behaviour that lower inlet temperatures result in a
reduced temperature dip along the reactor, consistent with experimental observations. Overall,
these findings confirm the robustness and applicability of the developed model for the Packed Bed
Reactor, and this model was subsequently adopted for further optimization and scale-up studies,
where integration with the membrane reactor configuration (PBMR) is discussed.

6.3. Packed Bed Membrane Reactor (PBMR) Modelling
6.3.1. Permeation Validation

To accurately describe the selective transport of hydrogen through the Pd-based membrane in the
PBMR, a permeation model was implemented and validated using available experimental data. This
model is critical for simulating the integrated membrane reactor presented in section 6.3.2, as it
directly influences predictions related to hydrogen recovery, purity, and equilibrium displacement.

6.3.1.1. Hydrogen Permeation

The flux of hydrogen across the membrane J;, was described using a modified Richardson
equation, based on empirical correlations developed using independent permeation data carried
out on other Pd-based membrane developed using another Palladium membrane prepared using
the same technique used for the one tested in this experiment campaign:

A n
Ju, = Hop, € RT (PH — Py

n)
2(Retentate) 2(Permeate)

Where:
e Ju, is the hydrogen flux [mol-m~2.s™],
e [lyy, is the pre-exponential factor,
o [E, is the activation energy for permeation,
e Risthe universal gas constant,
e T is the membrane temperature [K],

are the hydrogen partial pressures on the retentate and permeate

P
Hy (Retentate) ' Hz(Permeate)

sides respectively [bar],

e n =0.72is the pressure exponent, derived from experimental fitting.
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Figure 10. Permeance validation Hydrogen

This non-linear pressure dependence reflects the typical behaviour of Pd-based membranes, where
hydrogen transport is governed by a combination of surface adsorption/desorption kinetics and bulk
diffusion through the metal lattice.

6.3.1.2. Nitrogen and Ammonia permeation

Although hydrogen is the only species that is ideally permeable through the membrane, small
guantities of nitrogen and ammonia may also diffuse depending on the membrane selectivity and
operational conditions. To account for these phenomena, separate expressions for Jy, and Jyy,
were included, adapted from the work of S. Thomas et al. [16]

The nitrogen flux is given by:

0.72 0.72
] _ l_IOHZ e%}? (P(retentate) - P(permeate) ) ( p
Hy = — ' ) N3 Ny
QH, /N, (P(retentate) - P(permeate)) (Retentate) (Permeate)
le-11 Permeation validation - Nitrogen permeance
16

L) e Experimental
- -~ Model

- I
o IS

Nz Permeance (mmolm-2s-*Pa-*)
=

0.8

1.0 15 2.0 25 3.0 35 4.0 45 5.0
Pressure difference (bar)

Figure 11. Permeance validation Nitrogen
Similarly, the ammonia flux is expressed as:

0.72 0.72
l_IOHZ . e%l;fl . (P(retentate) - P(permeate) ) . MNZ

Ju, = —— ) (P N
2 2
aH, /N, (P(retentate) - P(permeate)) MNH3 (Retentate)

NZ(Permeate))

* ay,/n, IS the membrane selectivity factor for H, over N,
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e My, and Myy, are the molecular weights of N, and NH3, respectively,
®  Pretentate) QN Pipermeate) are the total retentate and permeate pressures.

The selectivity ay, ,y, was taken from an independent permeation data set carried out with another
membrane prepared with the same preparation technique used for the one tested in this campaign,
measured across a range of 425-500 °C and pressure differences of 1-5 bar.[8] Since simulation
conditions required values outside the tested range, Python interpolation techniques (including
polyfit, polyval, and Linear Regression) were employed to extrapolate selectivity values at target
operating points. These interpolated values allowed for continuous model evaluation across the
desired simulation domain.

6.3.1.3. Experimental Validation

The complete permeation model was validated by comparing predicted fluxes of hydrogen, nitrogen,
and ammonia with the experimental permeation data reported in the work of V. Cechetto [8]. The
agreement between model and data confirms that the adopted equations, along with the
interpolated selectivity values, reliably capture the key transport phenomena relevant to the
membrane reactor under representative process conditions. This validated permeation model will
be directly integrated into the 1D reactor model described in section 6.3.2, where it will govern the
selective mass transfer across the membrane domain and enable a detailed evaluation of hydrogen
recovery and purity in the PBMR configuration.

6.3.2. Development and Simulation of the (PBMR) Model

Building upon the validated permeation model presented in section 6.3.1, a one-dimensional
pseudo-homogeneous reactor model was developed for the Packed Bed Membrane Reactor
(PBMR). This model integrates both the chemical reaction kinetics previously calibrated for the Ru-
based catalyst in deliverable D2.2, 1D scaled up reactor model and the membrane permeation
equations validated independently. The goal of this modeling effort is to simulate the ammonia
decomposition process under realistic operating conditions, while simultaneously accounting for
hydrogen removal through the Pd-Ag membrane, thus achieving process intensification.

The reactor model was implemented in Python, leveraging the same framework used for the PBR
simulations in Deliverable D2.2 and in section 6. This ensured consistency in the numerical
treatment of mass and energy balances and allowed for seamless integration of the permeation
terms and reaction kinetics into a unified modeling architecture.

6.3.2.1. Isothermal Model Performance and Introduction of Energy Balance

The initial simulations of the PBMR were conducted under isothermal conditions at 4 bar, across a
range of inlet temperatures. Results shown in Figure 12 indicate that the model overestimates the
ammonia conversion, similar to observations in the PBR simulations. This deviation confirmed the
presence of thermal gradients within the reactor, which could not be neglected for accurate
performance prediction.
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As it is possible to see in the plot above experimental conversion it is not so far from the predicted
one find out using the model, MAPE is only 2.41%. This imply that the error in the Isothermal case
is small. This aspect can be justified by the fact that the system is around the equilibrium. To address
this, a non-isothermal model was developed, incorporating an energy balance that considers the
heat of reaction and heat exchange between the reacting gas and the reactor wall. Due to the lack
of direct experimental measurement of the wall temperature, this parameter was treated as an
adjustable value during model calibration. A wall temperature of 20°C above the inlet gas
temperature was found to reproduce the experimental conversion trends with good accuracy, as
depicted in .
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Figure 13. Non-Isothermal Packed Bed Membrane reactor at 4 bar

This elevated wall temperature in PBMR, compared to the 10 °C differential used for the PBR, is
physically justified. The presence of the hydrogen-selective membrane significantly enhances the
overall reaction rate by continuously removing hydrogen, the reaction product. This shifts the
equilibrium and increases the rate of ammonia decomposition, which in turn generates more heat
within the reactor volume. As also noted in literature (e.g., N. Realpe [19]), PBMR configurations
require greater thermal energy input to maintain isothermal conditions than traditional packed bed
systems due to this intensified reaction.

6.3.2.2. Interpretation of Temperature and Species Profiles

Further validation of the PBMR model was performed through analysis of temperature and
concentration profiles along the reactor length. presents the retentate-phase temperature and
ammonia concentration profiles. It is evident that lower inlet temperatures result in milder
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temperature gradients. This is expected, as the exothermicity of the reaction is directly tied to the
rate of ammonia decomposition, which diminishes with decreasing temperature.
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Figure 14. Temperature profile along Packed Bed Membrane Reactor at 4 bar

Interestingly, in several simulations the gas-phase temperature asymptotically approaches the wall
temperature near the reactor exit. This behaviour indicates that the chemical reaction is nearly
complete by that point, and heat exchange with the wall dominates the thermal behaviour of the
system. This thermally balanced state confirms that the model appropriately captures both the
kinetic and thermal dynamics of the PBMR.
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Figure 15.Hydrogen and Ammonia Concentration Profile along the reactor at 4 bar

Figure 15 further illustrates the evolution of ammonia and hydrogen concentrations along the
reactor. As the reaction proceeds, ammonia is decomposed and hydrogen is generated in the
retentate phase. Due to the selective permeation of hydrogen through the Pd-based membrane, a
clear decline in hydrogen concentration is observed along the axial length of the reactor. This
removal of hydrogen not only improves conversion by shifting the reaction equilibrium but also
maintains lower partial pressures of hydrogen in the retentate, facilitating continued driving force for
permeation.

6.3.2.3. Model Robustness and Final Remarks

Overall, the model accurately captures the interplay between reaction kinetics, membrane
permeation, and heat effects in the PBMR. The consistency between simulated results and
experimental trends, in terms of ammonia conversion, species distributions, and temperature
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profiles demonstrates the robustness and predictive capability of the model. The wall temperature
calibration at 20 °C above inlet has proven effective for all subsequent optimization and sensitivity
studies. This comprehensive model serves as the foundation for further analysis of operating
parameters and reactor scale-up strategies and is a key step toward the design of intensified
ammonia decomposition systems for high-purity hydrogen production.
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