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“The important thing is not to stop questioning. Curiosity has its own reason for
existing. One cannot help but be in awe when he contemplates the mysteries of
eternity, of life, of the marvelous structure of reality. It is enough if one tries

merely to comprehend a little of this mystery every day.”

-Albert Einstein





Abstract

As global energy demands increase and concerns about environmental sustain-
ability intensify, the need for cleaner, more efficient energy technologies has
become critical. Hydrogen, often seen as a key energy carrier for the future, holds
great potential for decarbonizing various industrial sectors. However, producing
hydrogen efficiently and sustainably remains a challenge. Among the existing
methods, natural gas steam reforming is notable for its scalability, but its high
energy consumption and associated CO2 emissions call for innovation. This thesis
presents a novel design for an autothermal membrane reformer system based on
palladium membranes for hydrogen separation. The system integrates heat pro-
vided by catalytic combustion reaction in an ultra-compact planar design, offering
a more efficient and environmentally friendly solution for hydrogen production.
The hydrogen generated through methane steam reforming is separated in situ via
the Pd membrane, providing highly pure hydrogen streams or hydrogen-nitrogen
mixed streams for decentralized applications. The system’s ultra-compact design
operates under moderate conditions, with lower temperatures, faster reaction ki-
netics for natural gas conversion, and reduced installation requirements for heating
and downstream separation processes.

The reformer’s design maximizes catalyst and membrane surface area to volume
ratio, leveraging advanced fabrication techniques aimed at reducing production
costs and maintenance needs. The autothermal membrane reformer developed in
this work produces a hydrogen-dilute stream in nitrogen, specifically designed for
decentralized applications. The heat required for the methane steam reforming is
supplied by catalytic combustion modules.
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Abstract

In this research, two novel metal-based catalysts with minimal loading on alumina
supports were synthesized using a fast and precise technique, suitable for larger-
scale powder production. These catalysts were applied using a screen-printing
method, which ensures fast, reproducible coating of catalyst layers for microre-
actor technology. Catalyst coating parameters were optimized to achieve uniform
10 µm layers per print. Additionally, two plasma spraying techniques were eval-
uated to integrate Pd membranes into the reactor. However, challenges arose in
producing dense Pd layers and during reactor assembly. To address these issues,
thin commercial Pd foils were incorporated into the membrane reactor using laser
welding. Results indicated that self-supported thin foils (5-12 µm) were prone to
damage during the assembly of larger plates.

To overcome these challenges, further optimization of the reactor design was
conducted using additive manufacturing with superalloy Crofer 22 APU, marking
the first application of this material in such systems. Parameter optimization was
performed for both dense and permeable parts using laser-based powder bed fusion
of metals. This technique enabled the creation of complex structures for the ultra-
compact membrane reactor, reducing the number of plates needed for assembly
and thereby easing the scale-up process. Additionally, a detailed 2D model was
developed to evaluate membrane reactors performance under conditions not tested
experimentally. Based on simulation results, further novel designs were proposed
for improved catalyst and fuel distribution, enhancing the temperature uniformity,
a critical factor for preventing damage in prototype-scale membrane reactors.
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Kurzfassung

Angesichts des weltweit steigenden Energiebedarfs und wachsender Sorgen um
ökologische Nachhaltigkeit wird die Entwicklung sauberer und effizienter Ener-
gietechnologien zunehmend dringlicher. Wasserstoff, oft als zentraler Energie-
träger der Zukunft betrachtet, birgt großes Potenzial zur Dekarbonisierung ver-
schiedener Industriesektoren. Allerdings bleibt die effiziente und nachhaltige Pro-
duktion von Wasserstoff eine Herausforderung. Unter den bestehenden Methoden
zeichnet sich die Dampfreformierung von Erdgas durch ihre Skalierbarkeit aus,
doch ihr hoher Energieverbrauch und die damit verbundenen CO2-Emissionen er-
fordern Innovation.DieseArbeit präsentiert ein neuartigesDesign für ein autother-
mes Membranreformersystem auf Basis von Palladiummembranen zur Wasser-
stofftrennung. Das System integriert die durch katalytische Verbrennungsreaktion
bereitgestellteWärme in einem ultra-kompakten planaren Design und bietet damit
eine effizientere und umweltfreundlichere Lösung für die Wasserstoffproduktion.
Der durch Methandampfreformierung erzeugte Wasserstoff wird in situ über die
Pd-Membran abgetrennt, wodurch hochreineWasserstoffströme oderWasserstoff-
Stickstoff-Gemische für dezentrale Anwendungen bereitgestellt werden. Durch
den kompakten Aufbau arbeitet das System unter moderaten Bedingungen mit
vergleichsweise niedrigen Temperaturen, beschleunigter Reaktionskinetik bei der
Erdgaskonversion sowie geringeren Anforderungen an Heiz- und nachgeschaltete
Trennprozesse.

Das Reformerdesign nutzt moderne Fertigungsverfahren zur Maximierung der
spezifischen Katalysator- und Membranoberflächen und zielt dabei auf eine kos-
teneffiziente, wartungsarme Systemarchitektur ab Der in dieser Arbeit entwi-
ckelte autotherme Membranreformer erzeugt einen wasserstoffverdünnten Stick-
stoffstrom und wurde speziell für den dezentralen Einsatz konzipiert Die für die
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Kurzfassung

Methandampfreformierung erforderlicheWärmewird durch katalytischeVerbren-
nungsmodule bereitgestellt.

Zwei neuartige, metallbasierte Katalysatoren mit niedriger Metallbeladung wur-
den im Rahmen dieser Arbeit auf Aluminiumoxidträgern synthetisiert. Zum Ein-
satz kam ein präzises, zeiteffizientes Verfahren, das sich für eine skalierbare
Pulverproduktion im industriellen Maßstab eignet. Diese Katalysatoren wurden
mittels Siebdruck aufgetragen, was eine schnelle und reproduzierbare Beschich-
tung von Katalysatorschichten für die Mikroreaktortechnologie gewährleistet. Die
Parameter der Katalysatorbeschichtung wurden optimiert, um gleichmäßige 10
µm dicke Schichten pro Druckvorgang zu erreichen. Zusätzlich wurden zwei
Plasmaspritzverfahren zur Integration von Pd-Membranen in den Reaktor evalu-
iert.

Die Herstellung dichter Pd-Schichten sowie die Assemblierung des Reaktors er-
wiesen sich jedoch als herausfordernd. Um diese Probleme zu lösen, wurden
dünne kommerzielle Pd-Folien mittels Laserschweißen in den Membranreaktor
integriert. Die Ergebnisse zeigten, dass selbsttragende Dünnfolien mit Dicken
von 5–12 µm bei der Montage größerer Platten eine erhöhte Anfälligkeit für Be-
schädigungen aufwiesen. Zur Überwindung dieser Herausforderungen wurde das
Reaktordesign mittels additiver Fertigung mit der Superlegierung Crofer 22 APU
weiter optimiert. Es handelt sich dabei um die erste bekannte Anwendung dieses
Materials in einem derartigen System. Die Parameteroptimierung erfolgte sowohl
für dichte als auch permeable Bauteile mittels laserbasierter Pulverbettfusion
von Metallen. Diese Technik ermöglichte die Herstellung komplexer Strukturen
für den ultra-kompakten Membranreaktor, verringerte die Anzahl der benötig-
ten Montageplatten und erleichterte so die Hochskalierung. Zusätzlich wurde ein
detailliertes zweidimensionales Modell erstellt, das eine Bewertung der Mem-
branreaktorleistung unter nicht experimentell erfassten Bedingungen ermöglicht.
Auf Grundlage der Simulationsergebnisse wurden neue Designkonzepte entwi-
ckelt, die eine verbesserteKatalysator- undBrennstoffverteilung sowie eine höhere
Temperaturhomogenität ermöglichen. Letztere ist entscheidend zur Vermeidung
von Schäden in prototypischen Membranreaktoren.
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1 Introduction

Hydrogen, the most abundant element in the universe, is a clean and non-toxic
resource that was discovered almost three hundred years ago. While it is not a
primary energy source, it serves as an energy carrier. Several aspects of hydrogen
make it an attractive option for facilitating the shift to renewable energy [1]. There
are diverse methods for H2 production, broadly categorized into conventional and
renewable technologies based on the raw materials and energy utilized. The
first category is defined by conventional technologies which rely on fossil fuels
and include methods such as hydrocarbon reforming and pyrolysis. The second
category is based on biomass or water and renewable electrical energy. The
former converts the biomass materials into hydrogen-rich gases through various
processes like gasification or fermentation. The water-based production utilizes
water electrolysis, solar-driven water splitting, or biological processes to generate
hydrogen from water molecules [2].

Hydrogen is categorized into different colors based on its production technique.
For example, the green hydrogen is produced using renewable energy sources like
wind or solar power, while blue hydrogen is generated from natural gas with car-
bon capture and storage technology. Grey hydrogen is produced from fossil fuels
without any capture step, leading to significant CO2 emissions. Turquoise hydro-
gen is created through methane pyrolysis, resulting in solid carbon as a byproduct.
Pink hydrogen is produced using nuclear energy, brown hydrogen is generated
from coal gasification, which emits high levels of CO2, and white hydrogen refers
to naturally occurring hydrogen found in geological formations [3]. In various
industries, especially the chemical and refining sectors, hydrogen finds extensive
use in the production of valuable chemicals like ammonia andmethanol, as well as
in processes like hydrotreating within refineries [4]. To meet economic demands,
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1 Introduction

it is essential to separate and purify hydrogen. Current technologies employed
for this purpose include wet scrubbing, dry scrubbing, pressure swing adsorption,
membrane separation, and cryogenic distillation [5]. Membrane reactor technol-
ogy combines steam reforming with hydrogen separation and membrane-based
purification processes in a single device. In essence, a membrane selectively sep-
arates hydrogen through permeation while retaining other chemical components
from the reaction system. The selectivity of this process largely depends on the
membrane material used. This technology stands out due to its flexibility in oper-
ation, simplicity, energy efficiency, compactness, small footprint, environmental
friendliness, and ease of integration with established industrial processes [6].

Unlike traditional reactors, a membrane reactor is not constrained by the reac-
tion equilibrium. More specifically, the selective permeability of the membrane
helps shift the thermodynamic equilibrium in favor of the desired product [7].
Various types of membrane reactors, such as Fluidized Bed Membrane Reac-
tors (FBMRs), Micro-structured Membrane Reactors (MMRs), and Packed Bed
Membrane Reactors (PBMRs) have been extensively studied and reported in the
literature, with the majority of studies focusing on PBMRs [8–11]. However, it
is essential to consider heat and mass transport aspects in these reactors. For
instance, the presence of localized hot spots could potentially harm the mem-
brane in a PBMR. Furthermore, in MMRs or FBMRs, it is theoretically possible
to achieve the maximum permeability by mitigating the impact of mass transfer
limitations [12–15].
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2 Hydrogen production from
natural gas and basics of
methane steam reforming

2.1 Hydrogen production technologies from
raw materials

Methane, with the highest hydrogen-to-carbon (H/C) ratio among feedstocks, has
made natural gas the primary choice for hydrogen production. Over the years,
various technologies have been developed and commercialized based on methane,
including methane steam reforming (MSR), autothermal reforming (ATR), and
partial oxidation of methane (POX). Of these, MSR is the most established and
widely used. Recently, emerging technologies like dry reforming and methane
decomposition have been explored, with the latter offering the added benefit of
producing solid carbon as a valuable byproduct. However, these newer methods
have yet to achieve commercial viability.

In the MSR process, natural gas is initially purified, typically through hydrodesul-
furization, where sulfur compounds are transformed into H2S and removed using
a ZnO bed. The gas is then combined with steam at a steam-to-carbon (S/C) ratio
of 2.5–3 to avoid carbon deposition on the catalyst. In some cases, the gas is
pre-reformed over a Ni-based catalyst to remove heavier hydrocarbons. The gas
mixture is then sent to a gas-fired steam reformer, where methane is converted
into syngas (CO and H2) over a Ni catalyst at high temperatures (850–920 ◦C)
and pressures of 25–35 bar [16].
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2 Hydrogen production from natural gas and basics of methane steam reforming

Several reformer configurations are commercially available. For instance, KT Ki-
netics Technology offers top-fired tubular reformers with ceiling-mounted burners
that heat the catalyst-filled tubes [17]. Other suppliers like CB&I use similar
designs [18]. Companies such as Haldor-Topsøe [19] provide side-fired reformers
for more even temperature distribution, while others like Amec Foster Wheeler
offer terrace wall furnaces, where furnaces are positioned at various levels within
the reactor for better heat flux distribution.

After reforming, the syngas is cooled in a process gas boiler, producing steam that
can be used to maintain the S/C ratio or for export. To enhance the hydrogen yield
and carbon conversion, awater-gas shift (WGS) reaction is integrated into theMSR
process. The configuration of the WGS section varies based on the technology
provider and intended hydrogen application. For example, Haldor-Topsøe uses a
single adiabatic WGS reactor operating at intermediate temperatures for optimal
efficiency and heat integration, while other suppliers implement a two-stageWGS
system. This approach includes a high-temperature WGS reactor, typically using
a Fe-Cr catalyst at 320–350 ◦C to accelerate the reaction, followed by a low-
temperature reactor filled with Cu-Zn catalysts operating around 200 ◦C to drive
carbon monoxide conversion [20, 21].

The hydrogen-rich gas mixture is cooled down to ambient temperature, allowing
the vapor to condense, and then directed to a pressure swing adsorption (PSA)
unit. In the PSA, about 85–90% of the hydrogen is recovered with a purity
exceeding 99.999%. This purified hydrogen is compressed to the required de-
livery conditions, with a small fraction recycled back into the process for the
hydrodesulfurization step.

The remaining exhaust gas from the PSA is sent to the incinerator, mixed with
fuel, and burned. The flue gases produced in the radiant section pass through the
convective heat recovery area and are eventually released via a common stack.
In top-fired reformers, the heat recovery section is located at the bottom of the
reformer, while in other configurations, it may be installed in the upper part. The
heat from the flue gas is used to preheat process streams and to generate high- and
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2.1 Hydrogen production technologies from raw materials

Figure 2.1: Schematic illustration of the methane steam reforming process, used with permission
from Springer [16].

medium-pressure steam. A schematic of the MSR process can be found in Figure
2.1.

This technology has been well-established for decades, offering limited potential
for further technological advancements or cost reductions. As a result, it is
expected to remain the dominant method of grey hydrogen production worldwide
for many years to come. Other prominent technologies in the market include ATR
and POX. In ATR, sub-stoichiometric amounts of oxygen (either pure oxygen or
atmospheric oxygen) are introduced into a burner at the top of the reformer, along
with methane and steam. In this thermal section, oxygen reacts with a portion of
the methane, generating the heat required for the catalytic reforming that occurs
in the subsequent section. The resulting hot gas from the thermal section passes
through a fixed bed containing reforming catalysts. Unlike MSR, where catalysts
are distributed among several tubular reformers, ATR houses the entire catalyst
in a single unit.

This technology simplifies the process and lowers operational costs (OPEX) due
to its reduced S/C ratio (S/C≈ 0.6–1), though the cost of oxygen must be factored
into OPEX as well. However, the presence of oxygen reduces hydrogen selectivity,
resulting in a lower H2/CO ratio in the syngas and consequently lower reforming
efficiency compared to MSR. Despite this, the highly integrated heat management
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2 Hydrogen production from natural gas and basics of methane steam reforming

in ATR allows for a smaller equipment footprint, making it a widely adopted
technology today. The primary disadvantage of ATR is the necessity for nearly
pure oxygen, which is produced through an expensive cryogenic air separation
process (ASU).

Table 2.1: Overview of key benefits and drawbacks of major hydrogen production technologies avail-
able in the market [16].

Technology Strengths Weaknesses
Natural gas as a feedstock
MSR • Well-established process

• High energy efficiency based on LHV
• Generates high H2/CO ratio
• Cost-effective method for hydrogen
production

• Significant CO2 emissions
• High energy demand due to endother-
mic reactions

• Requires external heat supply

ATR • No external heat needed
• Minimal methane slip
• Compact design of the reactor

• Lower hydrogen yield compared to
other methods

• Requires ASU for oxygen supply
POX • Negligible methane slip

• No catalyst needed for the reaction
• Compact reactor size
• Flexible feedstock options

• Requires ASU
• Low H2/CO ratio
• Difficult to regulate the reaction

Coal gasification • High operational efficiency
• Established technology

• Needs syngas purification
• Produces high CO2 emissions

Oil as a feedstock • Hydrogen as a by-product
• Simplified gas purification process

• High CO2 output
• Limited hydrogen production capac-
ity

Biomass gasification • Uses renewable resources
• Substantially lower greenhouse gas
emissions

• Existing coal gasification plants can
be modernized

• Lower efficiency compared to coal
gasification

• Requires preparation of rawmaterials
• Limited operation under high pres-
sure

Water splitting • Environmentally friendly if powered
by renewable energy

• Hydrogen can be stored as an energy
carrier

• Produces high-purity hydrogen

• High electricity demand
• Higher costs compared to natural gas
reforming

There are other technologies to produce hydrogen from rawmaterials like coal, oil
or biomass as well as by water electrolysis. The choice of technology for hydrogen
production is influenced by several factors, including the cost and availability of the
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2.2 Basics of catalytic methane steam reforming to produce hydrogen

energy source, the capacity for hydrogen production, and the purity of hydrogen.
Regardless of these considerations, each of the technologies discussed in the
previous section has distinct advantages and disadvantages thatmust be considered
when selecting themost suitable option. These attributes are summarized in Table
2.1.

2.2 Basics of catalytic methane steam
reforming to produce hydrogen

The initial documentation of the steam and methane catalytic reaction (MSR)
dates back to 1924, as reported by Neumann and Jacob [22]. It was subsequently
incorporated into industrial processes by 1930 [23]. Over the years, substantial
advancements have been made in reactor design, sizing, thermodynamics, and
catalysis associated with this process. Recent attention has focused on environ-
mental considerations related to MSR, particularly due to the generation of CO2

through the water-gas shift reaction. There is potential for separating and utilizing
the produced CO2 in various applications [24–26], or alternatively, it can be stored
and sequestered geologically to mitigate carbon levels in the biosphere.

The MSR process involves the endothermic reaction outlined in Equation 2.1.
Simultaneously, the excess water oxidizes CO in the system through the water-gas
shift reaction, as depicted in Equation 2.2. In addition to these primary reactions,
numerous side reactions, such as syngas formation and carbon-related processes
like methane cracking and CO disproportionation, contribute to the complexity
of MSR [27]. According to the literature, H2 and CO2 are also produced directly
through CH4 and H2O as shown in 2.3 [28, 29].

CH4 +H2O −−⇀↽−− CO+ 3H2 ∆H◦
298 K = +206 kJ/mol (2.1)

CO+H2O −−⇀↽−− CO2 +H2 ∆H◦
298 K = −41 kJ/mol (2.2)
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2 Hydrogen production from natural gas and basics of methane steam reforming

CH4 + 2H2O −−⇀↽−− CO2 + 4H2 ∆H◦
298 K = +165 kJ/mol (2.3)

A thermodynamic analysis of the reaction system was conducted according to
the description and formulation in Appendix A.1. The equilibrium constants for
reactions 2.1, 2.2, and 2.3 were taken from the literature [30, 31], and the species
involved were included in the calculations of the equilibrium concentrations.
Figure 2.2 illustrates the logarithm of the thermodynamic equilibrium constants
as a function of temperature for reactions 2.1, 2.2, and 2.3. It is observed that
the endothermic reforming reactions are favored thermodynamically at elevated
temperatures, whereas the exothermic WGS reaction is more favorable at lower
temperatures.

The relevance of the two reactions that lead to carbon formation, specifically
the Boudouard reaction (2.4) and the endothermic methane decomposition (2.5)
depends on the steam-to-carbon (S/C) ratio.

2CO −−⇀↽−− CO2 +C ∆H◦
298 K = −172 kJ/mol (2.4)

CH4 −−⇀↽−− 2H2 +C ∆H◦
298 K = +75 kJ/mol (2.5)

Figure 2.2 B presents the equilibrium molar fractions and the equilibrium con-
version of methane as a function of temperature, evaluated at a pressure of 1 bar,
with a S/C ratio of 3. The elevated CO levels at high temperatures (Figure 2.2
B) can be shifted towards greater hydrogen production through the WGS within a
downstream shift reactor operating at temperatures of 200-450 ◦C. Low residence
time, combined with a selective catalyst, suppresses the Sabatier reaction (reverse
of Reaction 2.1).

According to Le Chatelier’s Principle, lower pressures promote product formation
due to the volume expansion that occurs during methane steam reforming (see
Figure 2.2 C). In industry, the process typically operates at pressures between 15
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2.2 Basics of catalytic methane steam reforming to produce hydrogen

Figure 2.2: A) Equilibrium constants for reactions 2.1, 2.2, and 2.3 were determined as a function
of temperature at a pressure of 1 bar. B) Mole fractions and CH4 conversion of the
components at equilibrium condition P:1 bar S/C:3 versus temperature. C) at constant
temperature of 823 K and S/C:3 versus pressure.

9



2 Hydrogen production from natural gas and basics of methane steam reforming

and 30 bar, achieving an 80% conversion rate of NG in the reformer [32]. Higher
pressures enhance process economics since the hydrogen produced is often used
at elevated pressures. Although increased reactor pressure negatively impacts
hydrogen yield, this is offset by a rise in temperature. The water-gas shift reaction
is assumed to be in equilibrium under these reaction conditions. [33]. Above
an S/C ratio of 2, thermodynamic predictions suggest that carbon formation is
unlikely. However, it is important to note that carbon deposition on solid catalysts
is frequently observed, particularly with Ni-based catalysts.

Typically, high S/C ratios are employed in hydrogen production via steam reform-
ing, as they shift the equilibrium away from the regions where carbon formation
occurs. This results in a reduced selectivity for carbon monoxide and an increased
yield of hydrogen. Conversely, from an economic perspective, lower S/C ratios
are advantageous since they require less feedstock for steam generation. The
common S/C ratios for methane steam reforming range from 2.5 to 3.3, utilizing
a base metal or noble metal-supported catalyst for the conversion process.
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3 Decentralized hydrogen
production methodology

Hydrogen can be categorized based on its usage into three types: captive hydro-
gen, fuel hydrogen, and merchant hydrogen. Captive hydrogen is utilized within
industrial processes, such as fertilizer production and petroleum refining. Fuel hy-
drogen is employed in coal gasification and liquefaction, as well as in automotive,
aircraft, and rocket fuels, and for heating or power generation. Merchant hydrogen
is produced at one location and transported to another for various applications.
These different uses necessitate distinct systems for production, storage, trans-
mission, and transport, which are influenced by the production site’s location, the
customers’ locations, and their anticipated demand [34].

The scale of hydrogen production and the proposed distribution methods can vary
significantly, with both being closely tied to cost considerations. Downsizing
conventional systems that use PSA for hydrogen purification is not economically
feasible (see Section 3.1) and therefore the main motivation of this study is to
focus on the decentralized hydrogen production units. As a result, small-scale
MSR units are typically equipped with alternative purification processes, such
as preferential oxidation (PrOX) or selective methanation. However, technologi-
cal advancements are needed to further lower the costs of small-scale reforming
and hydrogen purification. One potential solution for small-capacity and decen-
tralized pure hydrogen production is steam reformer systems with integrated Pd
membranes, which allow for the direct removal of hydrogen from the reactor (see
Section 3.2). Section 3.3 introduces various types of membrane reactors devel-
oped and studied over the past decade. This section concludes with a review of
the current status of microstructured membrane devices and reactors.
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3 Decentralized hydrogen production methodology

3.1 Small-scale reformer units

Conventional MSRs with tubular configurations and PSA hydrogen purification
can be scaled down to a capacity of 3000m3 h−1. However, the capital costs in-
crease significantly from $80kWhd−1 to $4000kWhd−1 [35]. Major industrial
companies, including Haldor-Topsøe, Howe-Baker, Hydrochem, KTI, and Foster
Wheeler, supply these types of reformers for small-scale hydrogen production
[35]. Other companies, such as Linde and Air Liquide, have developed small-
scale reformer systems with capacities ranging from 50m3 h−1 to 500m3 h−1,
utilizing PrOX or selective methanation for hydrogen purification [36, 37]. Table
3.1 provides a selection of available small-scale reformer units.

Table 3.1: Comparison of the commercial small reformer units after [36, 37].

Product Capacity Footprint Efficiency pH2,exit

[Nm3 h−1] [m2 h−1 Nm−3] [%] [bar]
Hyos-RTM 53 - 268 0.12 - 0.07 ∼67 21.0
PRISMR-HG 250 >0.12 ∼70 6.9
Hygear HGS 42 - 82 0.24 - 0.18 ∼45 6.5
Hyserve 30, 100 0.17 - 0.06 ∼78 8.0
HydroPrime 300 0.11 >65 >15.0

The efficiencies listed in Table 3.1 were taken from [37]. Heat integration plays
a critical role in small-scale reformers, as it enhances catalyst utilization and
reduces overall energy consumption. While increased heat integration raises
capital costs, it also improves efficiency and reduces operational expenses [36, 37].
These small-scale steam reformer systems typically operate at lower pressures to
drive the reaction towards higher equilibrium conversions and reduce methane
content in the reformate. For instance, methane steam reforming for fuel cell
applications is conducted at lower pressures (around 3 bar) and lower temperatures
(973 K) in concentric annular catalyst beds. Reported capacities range from 50 to
336 m3 d−1, with energy conversion efficiencies of approximately 70-80% [36].
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3.2 Hydrogen separation techniques

However, the exit steam from these systems is at low pressure and thus has less
value compared to high-pressure steam.

Technological advancements, such as microchannel process technology andmem-
brane integration for an autothermal system, hold potential to further improve heat
integration and increase the efficiency of small-scale reformers. The following
chapters address the H2 separation techniques.

3.2 Hydrogen separation techniques

3.2.1 Hydrogen selective membranes

The driving force for the separation of hydrogen with a membrane is the presence
of a gradient of the chemical potential. Essentially, this involves subjecting one
end of a completely sealed membrane to a mixture of gases at high pressure, while
keeping the pressure relatively low on the opposing side. Because of this chemical
potential gradient, a mass transport phenomenon occurs, during which hydrogen
starts to traverse the membrane, leaving the impurity gases behind. There exist
six primary categories of hydrogen-selective membranes, and one can assess their
effectiveness and practical uses by examining different parameters associated with
each type.

Table 3.2 presents a comprehensive overview of the properties linked to each
membrane type, making it convenient for comparative analysis. In general, these
membranes exhibit flexibility in their operation across a wide spectrum of temper-
atures and pressures, and they can be seamlessly adapted for both industrial and
portable applications. Furthermore, the absence of moving components ensures
that the system remains free from wear.

13



3 Decentralized hydrogen production methodology

Table 3.2: Characteristics of the different types of hydrogen-selective membranes, derived from
Kluiters [38].
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3.2 Hydrogen separation techniques

The term "permeability" can have various interpretations, but within the scope of
this study, it pertains to the measurement of certain gases’ capacity to penetrate
a solid substance. Permeability is quantitatively described and modeled using
Fick’s laws of diffusion. When it comes to hydrogen separation, a crucial factor
to take into account is the hydrogen flux through the membrane. In this context,
"flux" can be defined as the quantity of hydrogen molecules diffusing through a
unit cross-sectional area perpendicular to the flow direction within a given time
frame. The continuous flow of gases through a solid membrane at a constant rate
can be expressed using Fick’s first law, as illustrated in Equation 3.1:

J = −D
∂C

∂x
(3.1)

In the provided equation, J represents the flux of the diffusing species, D stands
for the diffusion coefficient or diffusivity, and ∂C

∂x denotes the concentration
gradient. The negative sign is indicative of the direction of gas diffusion but can
be disregarded in this derivation.

It’s worth noting that the chemical potential gradient as the driving force for the
separation process can be in the forms of gradients in concentration, pressure,
temperature, and electromotive force within a system. Consequently, flux is
fundamentally a function of the chemical potential gradient. For instance, in
the case of reverse osmosis, two driving forces, concentration and pressure, are
required. However, both of these parameters are interconnected through their
impact on chemical potential. For simplicity, when considering gas permeation
through a membrane, either the concentration or partial pressure gradient is
typically taken into account. When the surface concentration of the gas is not
known, Henry’s law can be applied, as expressed in Equation 3.2 as follows:

SH =
Cgas

Pgas
(3.2)

In this equation, SH is a constant and is defined as the ratio of the non-dissociative
gas concentration in a solid or liquid at a dilute concentration (CGas) to its vapor
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3 Decentralized hydrogen production methodology

pressure (PGas). Given that it is relatively straightforward to measure the inlet and
outlet gas pressures of a system, the concentration term in Fick’s first law can be
replaced with pressure. The proportionality constant in Equation 3.2, denoted as
SH, can alternatively be referred to as the solubility constant (S). The solubility
constant (S) is expressed as the concentration per unit pressure. For diatomic
molecules like hydrogen, they undergo dissociation into their atomic form before
dissolving. Consequently, a modified version of Henry’s Law is necessary to
account for this behavior. The chemist Adolf Sieverts conducted research on
the dissolution of gases in different metals and noticed that, owing to molecular
dissociation, the solubility of hydrogen in metals is related to the square root of
its pressure in the gas phase [39]. Sieverts subsequently adapted Henry’s law
(Equation 3.2) to formulate Equation 3.3, which is known as Sieverts’ law:

S =
CH

P 0.5
H2

(3.3)

By rearranging Equation 3.3 and substituting it into Equation 3.1, we obtain the
expression shown in Equation 3.4:

J = DS
∂P 0.5

H2

∂x
∼= DS

∆P 0.5
H2

∆x
(3.4)

Where ∆P 0.5
H2

is the square root of the pressure difference between the feed and
permeate sides of the membrane, and ∆x represents the membrane thickness,
which can be simplified as x Equation 3.4 can be further manipulated to calculate
the total number of moles (Q) that permeate through a dense metal membrane.
This is achieved by multiplying both sides of the expression by the active mem-
brane area (A) and the time (t) elapsed since gas permeation reached equilibrium,
resulting in the following equation 3.5:

Q = JAt = DS
A

x
∆P 0.5

H2
.t (3.5)

The constant DS is essentially the product of the diffusivity and solubility of
hydrogen within the dense metal membrane, which leads to the term permeability,
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3.2 Hydrogen separation techniques

denoted asΦ, as presented in Equation 3.6. It’s important to note that all the terms
in this equation are temperature-dependent.

Φ = DS (3.6)

When you differentiate Equation 3.5 to time (t), it yields a formula for determining
the flow rate. Substituting this formula into Equation 3.6 leads to Equation 3.7.

dQ

dt
= Φ

A

x
∆P 0.5

H2
(3.7)

If the conditions of the steady-state flow rate of hydrogen, the membrane’s active
area, its thickness, and the gas pressure on both sides of the membrane are
known, the permeability is calculated. Alternatively, it is possible to determine
the membrane’s permeability by examining the slope of a straight line plot of Q
versus t using Equation 3.7.

Equation 3.4 can be further simplified to yield Equation 3.8, which provides a
general formula for calculating the hydrogen flux through a membrane.

J =
Φ(Pn

1 − Pn
2 )

x
(3.8)

In Equation 3.8, P1 represents the hydrogen partial pressure on the feed side of the
membrane, while P2 is the hydrogen partial pressure on the permeate side. The
value of the partial pressure exponent, denoted as n can vary depending on the
assumed transport mechanism (Figure 3.1). For porous membranes, Henry’s law
applies, and it is typically assumed that n=1, resulting inwhat is known asKnudsen
diffusion. In the case of hydrogen diffusion through a dense metal membrane,
n=0.5, and Equation 3.8 simplifies to Sieverts’ law. This equation highlights that
the flux is inversely proportional to membrane thickness. It’s worth emphasizing
that permeability is a material constant that remains independent of membrane
thickness [40]. Furthermore, permeability is a temperature-dependent parameter,
and it can be expressed using the Arrhenius-type equation:
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3 Decentralized hydrogen production methodology

Φ = Φ0exp(
−EΦ

RT
) (3.9)

In Equation 3.9, Φ0 represents the maximum permeability at infinitely high tem-
peratures, EΦ stands for the activation energy for permeation, R is the universal
gas constant, and T represents the absolute temperature. Similarly, diffusivity
(D) and solubility (S) follow an Arrhenius-type relationship, as illustrated in
Equations 3.10 and 3.11, respectively.

D = D0exp(
−ED

RT
) (3.10)

S = S0exp(
−ES

RT
) (3.11)

where D0 and S0 represent the diffusivity and solubility, respectively, at infinite
temperature. ED represents the activation energy for hydrogen diffusion, and ES

stands for the enthalpy of solution of hydrogen. Moreover, EΦ, which appears in
Equation 3.12, is defined as the activation energy for hydrogen permeation and is
the sum of the activation energies for both diffusivity and solubility.

EΦ = ED + ES (3.12)

3.2.1.1 Porous selective membranes

Porous membranes are typically effective at separating molecules that differ sub-
stantially in molecular weight, size, or shape. Four primary transport mechanisms
are commonly identified (Figure 3.1): (1) Knudsen diffusion, (2) surface diffu-
sion, (3) capillary condensation accompanied by liquid flow, and (4) molecular
sieving.

Knudsen diffusion is limited in its separation capability, as it is most effective for
systems with large molecular weight ratios, where the permeability ratio varies
inversely with the square root of the molecular weight ratio. Surface diffusion
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3.2 Hydrogen separation techniques

involves molecules adsorbed on pore walls moving along the surface due to con-
centration gradients in the adsorbed phase. Thismechanism is oftenmore effective
for vapor separation compared to Knudsen diffusion. Capillary condensation with
liquid flow occurs in very narrow pores, where one component of a vapor mix-
ture condenses, blocking the pores and preventing non-condensable components
from passing through. This method has proven highly efficient in various studies.
Molecular sieving represents the ideal scenario for separating vapor compounds
based on molecular size differences. Here, the pressure difference between the
feed and permeate sides drives the transport through the pores [41].

Figure 3.1: Illustration representing the four transport mechanisms through a porous membrane: (a)
Knudsen diffusion, (b) surface diffusion, (c) capillary condensation, and (d) molecular
sieving. This figure was regenerated according to reference [41].

3.2.1.2 Hydrogen in metals

Hydrogen permeates through the dense membrane material (as another type of
selective membrane for hydrogen separation). Dense metal membranes offer very
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high selectivity but have low flux, while porous membranes provide high flux but
low selectivity. As previously discussed, the mechanism of hydrogen transport
through dense metals relies on the solution-diffusion process. Additionally, it is
important to elaborate on the models for hydrogen diffusion in metals. Kehr [42]
has proposed several distinct mechanisms for hydrogen diffusion through metal
lattices, all of which exhibit temperature dependence. Figure 3.2 illustrates these
four types of diffusion.

At extremely low temperatures, where there is minimal thermal vibration, often
referred to as phonons (Region I), hydrogen atoms can become "self-trapped"
due to the relaxation of the surrounding metal lattice. It is then assumed that
these hydrogen atoms proceed to the adjacent interstitial site through a quantum
mechanical process known as "band propagation."

Figure 3.2: Diffusion model for hydrogen in metals according to Kehr’s theory. This figure was
regenerated according to reference [42].

As the temperature increases, hydrogen atoms are transported through a mech-
anism termed "thermally activated tunneling" (Region II), which involves the
participation of phonons. At higher temperatures (Region III), the behavior of
hydrogen atoms is modeled as that of classical particles, and they can perform
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over-barrier jumps between neighboring interstitial sites. At even higher temper-
atures (Region IV), hydrogen atoms exhibit more fluid-like behavior, resembling
the flow of liquids and gases rather than being confined to interstitial spaces.

It is important to note that these mechanisms are broad qualitative assumptions,
wheremore than onemethod of transport can occur at a given temperature. Region
III is particularly interesting because it is expected to occur between 200 ◦C to
600 ◦C, which aligns with the operating temperature range of a metal membrane.

The crystal structure of a dense metal membrane has a significant impact on
its solubility and diffusion mechanism. The body-centered cubic (BCC) crystal
structure consists of atoms positioned at each corner of the cubic unit cell and one
at the center. Various transition metals, including W, V, Cr, Rb, Nb, Mo, and Ta,
form the BCC crystal structure.

The face-centered cubic (FCC) structure is another type of cubic unit cell, but in
this arrangement, an atom is positioned at the center of each face of the cubic
unit cell, as opposed to being located at the center of the 3D cell. This crystal
structure is commonly adopted by materials like Pd and various Pd alloys. It is
worth noting that the length of each dimension of the cubic unit cell is known as
the lattice parameter.

Both crystal structures feature octahedral (O) and tetrahedral (T) interstitial sites
that can be occupied by dissolved monatomic hydrogen. Table 3.3 provides
information on the different concentrations and varying sizes of these interstitial
sites within the BCC and FCC unit cells, which have a significant influence on the
solubility of hydrogen and the transport mechanisms in these metals.

As shown in Table 3.3, there are three times more O and T sites available in a
BCC crystal structure compared to that of the FCC crystal structure. However,
it is important to note that the T sites surrounding the BCC O sites are severely
distorted. Additionally, the T sites in the BCC crystal structure are larger than the
O sites, while the reverse is true in the FCC crystal structure [43].

Theoretical calculations have indicated that hydrogen has a preference for occu-
pying the tetrahedral (T) interstitial sites in BCC metals over the octahedral (O)
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Table 3.3: Crystallographic information for metals with FCC and BCC structures [43].

Structure BCC FCC
Space group Im3m Fm3m
Interstitial site Octahedral Tetrahedral Octahedral Tetrahedral

Number per atom 3 6 1 2
Size relative to M atom radius 0.155 0.291 0.414 0.225

Packing density (%) 68 74

sites [44–47]. Conversely, density of states (DOS) calculations have shown that
hydrogen will tend to inhabit the O sites rather than the T sites in Pd systems, as
the O interstitial sites are considered more stable [48, 49]. However, it is worth
noting that there is literature suggesting that hydrogen can occupy both T and O
sites within the Pd lattice. In-situ high-resolution neutron diffraction studies con-
ducted at 310 ◦C on Pd loaded with 9 MPa of deuterium have revealed significant
T site occupation [50].

Furthermore, it has been mentioned in the literature that the activation energy
for the diffusion of hydrogen increases as the distance between interstitial sites
increases. Consequently, diffusivity tends to be higher in metals with shorter
lattice parameters [51].

The behavior of hydrogen solubility with temperature depends on the chemical
properties of the host metal, which is determined by the tendency of the host
metal to either form a solid solution or a stable metal hydride [52]. Examples of
metals that exhibit an increase in hydrogen solubility as temperature rises include
Mn, Fe, Co, and Ni, which are known as endothermic occluders. These metals
form solid solutions with hydrogen occupying random sites within their crystal
structure [43].

For hydrogen separation, metals like Pd, Ti, V, Nb, and Zr are commonly used and
are categorized as exothermic occluders [53]. This is because they experience a
decrease in hydrogen solubility with increasing temperature due to the propensity
of the metal to form stable and ordered metal hydrides [43].
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3.2.1.3 Metallic based membranes

Hydrogen can indeed diffuse rapidly through refractory metals, especially those
with a BCC crystal structure. However, these metals tend to have highly inactive
surfaces when it comes to catalyzing hydrogen dissociation and recombination,
resulting in slow rates of absorption and desorption. Recognizing this challenge,
Buxbaum andMarker [54] developed amembrane composed of Nb (a BCCmetal)
electroless plated with Pd (an FCC metal). This innovative approach yielded a
membrane with relatively high hydrogen permeability, measured at 3.2 × 10−7

molm−1 s−1 Pa−0.5 at 425 ◦C. Nevertheless, it was observed that the hydrogen
flux deteriorated over time due to interdiffusion occurring between the Nb and Pd
layers.

Table 3.4 provides information on the enthalpy of hydride formation for various
metals. It shows that hydride formation is exothermic for metals such as Nb, Ta,
V, Ni, and Pd. In exothermic reactions, hydrides readily form because they release
energy. On the other hand, metals like Fe and Pt exhibit endothermic hydride
formation. In endothermic reactions, external sources of heat are required to
facilitate the formation of hydrides. Therefore, in the case of Fe and Pt, additional
heat is needed to produce their respective hydrides.

Table 3.4: Hydrogen permeability in certain metals and the corresponding enthalpy for hydride for-
mation.

Metal crystal structure Hydrogen permeability 500 ◦C ∆H of hydride formation
mol/m/s/Pa0.5 [39] kJmol−1 [55]

Nb BCC 1.6× 10−6 -60 (NbH2)
Ta BCC 1.3× 10−7 -78 (TaH0.5)
V BCC 1.9× 10−7 -54 (V H2))
Fe BCC 1.8× 10−10 +14 (FeH)
Ni FCC 7.8× 10−11 -6 (NiH0.5)
Pd FCC 1.9× 10−8 -40 (PdH0.5)
Pt FCC 2.0× 10−12 +26 (PtH)
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3.2.1.4 Palladium membranes

At this point, it is important to understand why metals like Pd are widely favored
in the field of hydrogen separation. Hydrogen can dissolve in a variety of metals,
forming either interstitial solid solutions or metal hydrides. Some metals require
high temperatures and pressures to absorb hydrogen, while others can readily
form stable hydrides at room temperature. Palladium (Pd) possesses unique
characteristics that make it ideal for hydrogen separation. One of its exceptional
features is its ability to dissociate molecular hydrogen into its monatomic form,
which allows for rapid diffusion through its lattice. Moreover, Pd can absorb
approximately 600 times its volume in hydrogen while maintaining its physical
properties and structural integrity. This property was discovered by Thomas
Graham in 1866 [56].

Pd membranes were initially developed in laboratory settings, but it was not until
the 1950s that they were scaled up for industrial use, particularly in the nuclear
fission industry where there was a growing demand for separating hydrogen iso-
topes. Today, Pd membranes are more commonly employed in the production of
ultra-pure hydrogen, particularly for the semiconductor industry [57].

Pd has a density of 12.023 g cm−3 and a melting point of 1555 ◦C. It was
discovered byWilliam HydeWollaston in 1803 and is a silvery-white metal that is
malleable and easily worked. It finds wide application in the automotive industry,
especially as a catalyst in catalytic converters.

In its free atomic state, Pd has an outer electron configuration of 1s2 2s2 2p6 3s2
3p6 3d10 4s2 4p6 4d10 5s0. There are overlapping energy bands between the 4d
and 5s energy bands, which is typical of transition metals. This property gives Pd
a high affinity for receiving donor electrons from other atoms, and it is responsible
for the unique chemical and metallurgical interactions that Pd exhibits with other
elements.

The Pd-H system consists of an interstitial solid solution phase (α) and a Pd
hydride phase (β) (see Figure 3.3 ). Both phases have the FCC crystal structure,
but they differ in lattice parameters. Pure Pd has a lattice parameter of 3.89Å. At
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room temperature, the α-phase exists up to a composition known as αmax, and it
can coexist with the βmin phase up to a H/Pd atomic ratio of approximately 0.6,
with each phase having lattice parameters of 3.895Å and 4.025Å, respectively
[58]. The coexistence of these two phases leads to a notable feature in the phase
diagram, known as the miscibility gap. The critical temperature (Tc) for βhydride

formation is approximately 295 ◦C, above which this phase no longer occurs.

Figure 3.3: Phase diagram of palladium hydride as a function of pressure and temperature. Adapted
from [59]; based on the original data from [60].

Cycling a Pd membrane through the miscibility gap can result in a significant
lattice volume expansion, exceeding 10%. This expansion occurs due to the
disparity between the lattice parameters of the α and βhydride phases. As more
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hydrogen is absorbed within the Pd lattice, internal stresses are generated, ulti-
mately leading to membrane failure. This phenomenon has been studied using
transmission electron microscopy of a Pd-H alloy containing both α and β phases,
providing clear evidence of dislocation production, which is a precursor to em-
brittlement [58]. To avoid the effects of embrittlement, it is essential to purge the
membrane of any hydrogen before subjecting it to thermal cycling, preventing it
from crossing the miscibility gap.

The α- and βhydride phases can coexist below the critical temperature (Tc).
However, above this temperature, the βhydride phase may only occur at extremely
high pressures [61]. According to Dolan [43], the formation of the βhydride phase
is an exothermic process, and an increase in the content of this phase in metals
like Pd can lead to a reduction in the hydrogen solubility of the αhydride. An FCC
metal like Pd is inherently more resistant to hydrogen embrittlement than BCC
metals like V since hydrogen solubility is relatively lower in Pd [43].

3.3 Exploring the industrial advancements in
the research and development of
Pd-based membranes

MR technology has been widely regarded as a promising innovation due to its
ability to generate and separate hydrogen simultaneously [62]. Hydrogen pro-
duction has traditionally relied on fossil fuel-driven steam reforming processes in
industrial settings. Nevertheless, it is important to highlight that conventional re-
actors have drawbacks, including carbon formation, catalyst deactivation, elevated
material expenses resulting from high temperatures, and, significantly, limitations
imposed by reaction thermodynamics. To mitigate the drawbacks associated with
conventional reactors, MRs are proposed [63].

The following presents a review of prominent manufacturers and research insti-
tutions actively involved in the advancement of Pd-based membranes. In the
subsequent sections, a discussion is presented regarding various European-funded
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projects that employ Pd-based membranes, encompassing CACHET, CoMETHy,
FERRET, and FluidCELL. Finally, two distinct pilot plants are introduced, each
having a unique plant architecture, within the scope of industrial process intensi-
fication.

3.3.1 Energy Research Center (ECN)

ECN, a division of TNO in the Netherlands, provides hydrogen separation mod-
ules for assessment under the name Hysep. These modules employ palladium
composite membranes, incorporating a palladium layer deposited by Electroless
plating (ELP) on a porous ceramic alumina support. Furthermore, ECN is in-
volved in the development of innovative Pd alloy composite membranes, including
Pd-Ag and Pd-Cu [64, 65].

3.3.2 SINTEF Industries

SINTEF Materials and Chemistry in Norway has been actively engaged in the
development of palladium-based membranes through various national and inter-
national projects, such as CACHET, dating back to the 1990s. SINTEF holds
several patents for methods facilitating the creation of Pd alloy thin films. One
of the key patents pertains to the production of thin membranes composed of Pd
alloys, with thicknesses ranging from 1 µm to 5µm [66, 67].

3.3.3 NORAM/MRT/UBC

In 1998, the establishment of Membrane Reactor Technologies Ltd (MRT) took
place, and later, NORAMEngineering acquiredMRT upon making an investment
and acquiring all their shares. MRT specialized in the fabrication of Pd/Pd-Ag
alloy foils and thin films (with thicknesses ranging from 8 µm to 15µm) for mem-
branes. They also secured a patent for a bonding technique that allowed for the
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permanent attachment of membranes to support modules, creating a hydrogen-
tight seal. Subsequently, NORAM, in collaboration with the University of British
Columbia and their affiliated company, MRT, has been dedicating substantial ef-
forts since 2000 to the development of industrial thin Pd-based composite mem-
branes for the steam reforming of natural gas (NG) [68, 69].

3.3.4 REB Research & Consulting Co.

REB Research and Consulting Co., established in 1985 in the United States,
specializes in the production and supply of various metal membranes. Their
product range encompasses Pd-Ag alloy membranes, available in plain form,
as well as coated with palladium-grey and coated with palladium-copper alloy
variations [70, 71].

3.3.5 TECNALIA

TECNALIA Research and Innovation is the foremost center for applied research
and technological development in Spain. They specialize in the production of
various membrane types, including inorganic membranes like pore-filled Pd-
membranes. TECNALIA, in collaborationwith EindhovenUniversity of Technol-
ogy, has actively participated in numerous European projects, such as FluidCELL,
FERRET, and ReforCELL. They have successfully developed thin Pd-basedmem-
branes (< 5 µm thick) for hydrogen production, which find applicability in a wide
range of applications [72, 73].

3.3.6 CACHET

The CACHET project (carbon dioxide capture and hydrogen production from
gas fuels), funded under FP6-SUSTDEV, conducted an exploration of four dis-
tinct technologies aimed at reducing the expenses associated with carbon dioxide
capture in power generation and hydrogen production. The project specifically
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centered around a combined cycle gas turbine power plant fired by natural gas,
with the inclusion of an optional pure H2 side stream. The primary objectives of
this endeavor were to achieve a 50% reduction in CO2 capture costs and sequester
more than 90% of the CO2 emissions produced [74].

HyGenSys, an advanced steam methane reforming technology, emerged as a sig-
nificant outcome of the CACHET project. This system, which was a pivotal
component of the CACHET project, aimed to enhance the efficiency of the re-
forming process by incorporating heat from the exhaust gases of a gas turbine.
The resulting H2 was subsequently employed as fuel in a combined cycle gas
turbine power plant for electricity generation. Notably, the reformer was purpose-
fully engineered to operate under elevated pressure on the exhaust gas side of the
unit, thereby facilitating improved heat transfer [75]. The project explored the
application of Pd and Pd alloy membranes for the capture of CO2 from syngas,
either within a water gas shift reactor or directly from an integrated natural gas
membrane reformer. In this process, a mixture of natural gas and steam was intro-
duced into the feed side chamber of the membrane reformer, where simultaneous
methane steam reforming and the extraction of H2 through the membrane took
place. Additionally, a sweep gas was employed to enhance the permeation process
[76]. The development of thesemembranes involved collaborative efforts between
SINTEF and DICP (Dalian Institute of Chemical Physics), employing different
membrane manufacturing techniques to evaluate Pd alloy membranes. SINTEF’s
Pd-23wt%Ag membranes were produced using a two-step method. Initially, a
thin (2 µm) defect-free Pd-alloy film was created via sputtering deposition onto
a silicon wafer. Subsequently, the membrane was detached from the wafer and
affixed to a porous stainless steel support.

On the other hand, DICP’s pure Pd membranes were manufactured on ceramic
supports developed by ECN. ELP was utilized to deposit a Pd layer (2 µm to
3 µm thick), with the pores of the support tubes pre-filled with an inorganic gel to
ensure a smooth surface and prevent the Pd from entering into the pore structures
[77].
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Both the SINTEF and DICP membranes underwent thorough testing. SINTEF’s
membrane achieved a pure H2 permeance of up to 1.4× 10−5 mol/m2/s/Pa at
400 ◦C, while DICP’s membrane exhibited a pure H2 permeance ranging from
7.2× 10−6 mol/m2/s/Pa to 9.7× 10−6 mol/m2/s/Pa at 100 kPa and 500 ◦C.
Notably, both membranes demonstrated the ability to capture 90% of CO2 in a
Natural Gas Combined Cycle plant (NGCC) with significant selectivity.

Moreover, extended stability tests conducted over 150 days within a temperature
range of 325 ◦C to 400 ◦C indicated a projected membrane lifetime of 2 to 5 years
for temperatures exceeding 400 ◦C [74].

In terms of the techno-economic analysis for electricity generation inNGCCcycles
with pre-combustion CO2 capture within the CACHET project, it was revealed
that the water gas shift membrane offers a lower cost compared to the reforming
membrane. Nevertheless, the overall projected costs remained relatively high due
to the elevated price of natural gas and lower estimated efficiency [77–79].

3.3.7 CoMETHy

The CoMETHy project, funded by the Hydrogen and Fuel Cell Joint Undertaking
(FCH-JU, FP7), focused on sustainable decentralized hydrogen production near
end-users, using various renewable sources. CoMETHy had a strong focus on
product development. The project involved designing a compact modular steam
reformer that could be adapted to different heat sources, such as solar, biomass,
and fossil fuels, to convert reformable fuels like methane into pure hydrogen.
Notably, the project used the unique features of solar salt, specifically a molten
nitrates mixture, to capture, store, and release solar heat in concentrated solar
power systems, offering high heat transfer and storage capabilities, affordability,
and minimal environmental concerns [80].

Typically, steam reforming processes operate at temperatures ranging from 850 ◦C

to 950 ◦C. However, the low-temperature steam reformer developed in this project
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functioned at a maximum temperature of 550 ◦C, eliminating the need for expen-
sive steel alloys. This low-temperature, single-stage hydrogen production and
purification reformer necessitated the development of membranes and catalysts to
achieve the intended objectives [81].

Various Pd-based membranes were initially selected for testing in the reactor,
including different membrane supports (ceramic, metal, and self-supported), se-
lective layer compositions (pure Pd and Pd-Ag), and selective layer deposition
methods (such as ELP, sputtering, roll-to-roll fabrication of Pd foils, and self-
supported membranes). Self-supported membranes were ultimately rejected due
to mechanical issues, high costs, and scale-up challenges. An alternative approach
considered Pd-Ag membranes supported on asymmetrical Porous Stainless Steel
(PSS) supports with an inter-metallic ceramic layer for Pd-Ag deposition. How-
ever, the welding process introduced support roughness and defects, posing diffi-
culties in this technology. Composite membranes with a thin Pd layer (2 µm to
5 µm) on a porous support tube were chosen as the most suitable option for scaling
up. In preliminary laboratory testing, ceramic-supported membranes deposited
by ELP exhibited hydrogen permeability of over 20Nm3/h/bar0.5, despite some
permeance inhibition effects (about 65%) caused by mixture components, primar-
ily methane. These Pd membranes, supported on porous ceramic tubes by ELP,
were considered the best choice during pilot design and construction [82].

Figure 3.4 shows the ceramic-supported Pd membranes (10 tubes) installed by
ECN. These membranes consisted of a selective Pd-based layer (3 µm to 6µm)
on a porous Al2O3 support with an outer diameter of 14mm, a length of 80 cm,
and an overall area of 0.35m2.

To enhance the performance of the reformer for low-temperature steam reforming
of methane, the project investigated the most efficient combination of active
catalytic materials and support structures. Structured catalysts were explored to
improve heat transfer throughout the catalytic bed, resulting in a flattened radial
temperature gradient. The project also led to the development of structured
open foam catalysts designed specifically for low-temperature steam reforming
of methane and ethanol. These catalysts had minimal pressure drop, improved
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Figure 3.4: Images depicting the configuration of the catalyst-membrane assemblywithin the reformer
tubes of the pilot membrane reformer operating with molten salt heating are presented.
These images include a close-up perspective of the catalyst/membrane assembly (a), a
lateral view (b), an overhead view (c), and a rearview that showcases the sealed end of
the tubular membrane (d) [82] (re-printed with permission from Elsevier).

heat transfer, and simultaneously promoted steam reforming and water gas shift
reactions [83, 84]. A bimetallic Ni-Pt-based catalytic foam was chosen for the
reformer pilot plant due to its excellent catalytic activity for both methane and
ethanol steam reforming, providing flexibility in terms of feedstock.

The evaluation of the CoMETHymembrane reactor’s performance involved an ex-
amination of several operational factors. These factors encompassed the flow rate
and temperature of themolten salt, the inletmethane flow rate, the steam-to-carbon
ratio, and the sweep steam flow rate. It was observed that elevated temperatures
had a stimulating effect on the endothermic reforming process. Specifically, as
the temperature of the molten salt increased from 450 ◦C to 540 ◦C, the methane
conversion rate saw a significant improvement, escalating from 30% to 60%. A
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comparable pattern was identified in the case of the hydrogen flow rate that passed
through the membranes based on Pd. These results underscored the practical ap-
plicability of the CoMETHy membranes, as outlined in the final report summary
[79, 82].

The techno-economic evaluation of this process took into account both decen-
tralized (1500Nm3 h−1) and centralized (5000Nm3 h−1) solar steam reforming
approaches. The "full solar" system exclusively relied on solar energy for provid-
ing the necessary heat, with or without the co-generation of electricity. In contrast,
the "hybrid" steam reforming system combined the combustion of retentate off-
gas with oxygen or air and a concentrating solar thermal plant to meet the heat
requirements. A molten salt heat storage system ensured uninterrupted operation
of the steam reforming plant, with backup support from a gas-fired heater when
solar heat was unavailable.

In comparison to conventional steam reforming, the solar reforming process in-
curred a higher initial investment cost due to the inclusion of the concentrating
solar thermal plant and its associated components. Nevertheless, when taking
into consideration the relationship between the size of the solar field, thermal
energy storage capacity, and annual operating hours, the hydrogen production
costs fell within the range of 2.02Euro/kg to 3.36Euro/kg. This cost range
was comparable to the production cost of hydrogen through conventional steam
reforming, which stood at 1.74Euro/kg. Furthermore, the integration of a solar
energy system via a concentrating solar thermal plant that utilized molten salt
for reforming processes proved to be an effective strategy for reducing hydrogen
production costs while also facilitating CO2 sequestration [85].

3.3.8 Micro-CHP

Worldwide, electricity generation primarily relies on a centralized grid structure,
which comes with several drawbacks. These include transmission losses that
negatively impact overall efficiency, increase emissions, and lead to long-term
financial commitments. In response to these challenges, there is a growing need
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for a more efficient system based on decentralized or distributed power generation,
such as micro-combined heat and power (micro-CHP) systems. Micro-CHP
systems are typically designed to provide electrical power up to 50 kW while
concurrently generating low-temperature streams that can be utilized on-site. One
of the key advantages of micro-CHP systems is their ability to recover and utilize
waste heat [80, 86].

Furthermore, for remote communities in less-developed and developing countries
that lack access to traditional grid infrastructure, distributed energy generation
based on renewable energy sources offers a reliable, cost-effective, and sustainable
source of clean energy [87]. Various technologies can be integrated into micro-
CHP systems, including internal combustion engines, Stirling engines, micro-gas
turbines, organic Rankine cycles, thermo-photovoltaics, and fuel cells [88].

In recent years, European Union projects like FERRET (FP7-JTI) and FluidCELL
(FP7-JTI) have explored the potential of membrane reactors for hydrogen produc-
tion and micro-CHP applications using different fuels. These initiatives aim to
enhance the efficiency and sustainability of energy production and distribution.
Within the FERRET project, the adaptability of a highly efficient micro-CHP
system, specifically designed for this project, was investigated about the variable
natural gas compositions found across Europe. Four distinct gas compositions,
representing different European natural gas markets, were assessed. These com-
positions included the UK, Netherlands, Italy, and Spain. The natural gas sample
from Italy was primarily composed of pure methane, while the UK composition
featured an average natural gas composition. Additionally, the Netherlands had
the lowest Wobbe index, while Spain had the highest [89].

A primary objective of the FERRET project was to maximize the net electric
efficiency while minimizing the membrane surface area, a critical parameter that
significantly influences the economic viability of the system. Consequently, a
range of membranes was developed and put to the test as part of this project
[90, 91].

These membranes consist of two layers: a thin PdAg ceramic-supported mem-
brane with a thickness of approximately 0.8 µm to 2 µm, which is then coated
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with a thin mesoporous ceramic layer measuring less than 1 µm in thickness.
This mesoporous ceramic layer is composed of a mixture of 50% yttria-stabilized
zirconia (YSZ) and 50% γ-Al2O3 (layers in series are ceramic support, thin PdAg
layer and thin protective ceramic layer on top which is called double-skinned
membrane). Additionally, another configuration involves a thin PdAg membrane
with a thickness of 4 µm, which is supported on a ceramic-coated porous tube
made of Hastelloy X.

The double-skinned membranes based on PdAg, with a selective layer thickness
of 1 µm, when mounted on ceramic supports, exhibit notable characteristics.
These membranes demonstrate substantial hydrogen permeances, with a rate of
approximately 4.6 × 10−6 molm−2 s−1 Pa−1, and an ideal perm-selectivity for
H2/N2 of around 26,000. These performance metrics are comparable to or even
superior to those achieved by PdAg membranes on ceramic supports with a
thickness ranging from 4 µm to 5µm [80].

Furthermore, two different reactor configurations were proposed to enhance hy-
drogen permeation. One design utilizes vacuum at the permeate side, while the
other employs a sweep gas. Both approaches aim to reduce the hydrogen partial
pressure, thus increasing hydrogen flux and decreasing the required membrane
area. According to the results obtained, the net electric efficiency in the case of
the sweep gas configuration exceeds the project goals, reaching above 40% [89].

The FluidCELL project (FP7-JTI) aimed to develop a highly efficient micro-CHP
system utilizing PEMFCs (proton exchange membrane fuel cells) and integrating
a fluidized membrane reactor operating at low temperatures. This system was
designed for use in off-grid applications and powered by bio-ethanol [92].

The primary objective of the FluidCELL project was to create an innovative
bio-ethanol membrane reformer capable of producing pure hydrogen (approxi-
mately 3.2Nm3 h−1) using membrane reactors. To achieve this, several PdAg
(palladium-silver) membranes were developed and tested, including ultra-thin
films (less than 2 µm) and thin films (approximately 4 µm to 5 µm). Various
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techniques were used to synthesize these membranes, including direct simulta-
neous Pd and Ag ELP, direct physical vapor deposition magnetron sputtering
(PVD-MS), or a combination of PVD-MS and ELP.

The PdAg membranes, which were supported on asymmetric ceramic porous
tubes (with outer and inner diameters of 10/7 mm), were prepared by ELP with
different thicknesses and plating times. The plating time for ultra-thin films ranged
from 30 µm to 70 µm, while thin-film plating took about 4 h to 5 h. Thin-film
membranes were also developed on alumina asymmetric supports (50 cm length)
with a thicker wall (10/4 mm o.d./i.d.) [70, 93, 94].

PdAg films deposited directly on porous supports by PVD-MSwere not dense and
had a low ideal perm-selectivity for H2/N2, making them unsuitable for hydrogen
purification. However, a combination of PVD-MS and ELP techniques used to
prepare ultra-thin PdAg membranes demonstrated high hydrogen permeance and
good hydrogen perm-selectivity. For stable membranes in a fluidized regime and
ideal H2/N2 perm-selectivity above 8000, thin-film PdAg membranes of about
4 µm thickness prepared via simultaneous Pd and Ag ELP were selected for the
prototype. Membrane stability over an extended period with sufficient perm-
selectivity is a key feature that makes these membranes attractive for industrial-
scale applications [95, 96].

It was determined that approximately 0.44m2 of thin-film-supported Pd-based
membranes were needed to separate 3.2Nm3 h−1 of H2 using H2O as the sweep
gas. The final membrane reactor design for micro-CHP applications, validated
by a model, achieved an overall hydrogen recovery factor of 67% and required
substantially less catalyst (less than 3.5% by weight) in the fluidized bed [4].

The economic feasibility analysis for the FluidCELL system was conducted for
13 European countries, considering payback time, net present value, and internal
rate of return. The studied countries included Austria, Finland, France, Ger-
many, Greece, Ireland, Italy, Netherlands, Poland, Portugal, Spain, Sweden, and
Switzerland [92].
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To enhance the attractiveness of the system for customers, the economic analysis
prioritized payback time. This assumption was based on the system operating
at full load regardless of the season, adjusted to meet the minimum thermal
requirements of dwellings. To reduce the payback time, end-users were expected
to consume the entire thermal and electrical output of the system and maintain
it at full capacity since higher efficiencies were achieved under these conditions.
Therefore, the system needed to meet the energy demands of multiple dwellings,
requiring a backup boiler. Considering all assumptions, investment costs, and
varying electricity and natural gas costs in different EU countries, the analysis
indicated a cost of 10.000Euro/kWe . On average across the countries studied,
the payback time was eight years, assuming a service lifetime of ten years for the
FluidCELL system [79].

Table 3.5 provides an overview of the Pd-membranes produced by Tecnalia for the
prototype membrane reactors utilized in the FERRET and FluidCELL projects
[73].

Table 3.5: Palladium-based supported membranes that were produced for the prototype membrane
reactors [79].

Project Reference Number of membranes Membrane length Type of the MR prototype
period after sealing step (cm)

FERRET 2014-2017 30 20 Fluidized-bed natural gas
MR

FluidCELL 2014-2018 37 40 Fluidized-bed bio-ethanol
MR

3.3.9 Pilot plants

In the context of the industrial process intensification trend aimed at enhancing
process efficiency, selective membranes have been a prominent focus of scientific
and technological research over the past two decades. Pd-based membranes can
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be incorporated into steam reforming processes in two distinct configurations:
open and closed architecture [97].

Open Architecture: In the open architecture configuration, hydrogen-selective
membranes are assembled in separation modules downstream from catalytic re-
actors. This arrangement transforms the overall process into a series of reaction-
separation units.

Closed Architecture: The closed architecture is characterized by the assembly of
selective membranes inside the reactor close to the catalyst. This design ensures
that the hydrogen produced is immediately removed from the reaction zone [98–
100].

The Kinetics technology reformer and membrane module pilot plant, designed
under the open architecture configuration, was established in 2009 as part of
a research project funded by the Italian Ministry of Education, Universities,
and Research. This semi-industrial plant aimed to investigate the integration of
hydrogen-selective membranes in a real steam-reforming environment. The pilot
unit had a capacity of 20Nm3 h−1, featuring two stages of reforming reaction
and membrane separation for pure hydrogen production using natural gas sourced
from the town grid. The plant underwent extensive testing for over 3000 h in a
relevant industrial setting [101].

The process in the pilot plant involved desulfurizing natural gas up to 0.1 ppm
using a desulfurization unit before combining it with process steam generated
in a hot oil boiler at a controlled ratio. The superheated steam and natural gas
mixture were preheated and directed to the reforming reactor, operating at an
outlet temperature of 500 ◦C to 600 ◦C. The two syngas streams produced in
both reformers were cooled down with an air cooler to a temperature suitable for
membrane operation. The retentate stream from the first membrane was recycled
back into the second reformer for further feed conversion, which then passed
through the second membrane separator for additional hydrogen recovery. The
permeated streams exiting the membranes were combined and sent to the final
cooling and condensate separation stage [97]. Figure 3.5 provides various views
of the pilot plant. The initial membrane stage included two parallel modules
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Figure 3.5: Photography of themembranemodules: (a) 13 tubular palladiummembranes supported by
alumina, (b) 5 plate PdAg (palladium-silver) membranes, (c) 3 tubular PdAg membranes
supported by alumina [102].

with membrane areas of 0.4m2 (ECN, Figure 3.5 (a)) and 0.6m2 (MRT, 3.5 (b)).
Additionally, the second membrane stage consisted of a module with an area of
0.13m2 (Japanese Company supplier, 3.5 (c)). The steam reforming pilot plant,
designed for the CoMETHy project as previously discussed, was developed by
Processi Innovativi, a company owned by KT (Kinetics Technology). This pilot
plant was constructed using a "closed architecture" configuration. The primary
objective was to evaluate the integration of a palladium-based membrane reformer
with solar-assisted molten salt heating. More information and characterization of
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this pilot plant in the studies conducted by Giaconia et al. and Morico et al. are
found in these references [83, 103].

3.4 Tubular membrane reactor development
by IMVT-KIT, Linde engineering, and
Plansee SE

With the goal of developing a membrane reformer for on-site hydrogen produc-
tion, a cooperation was initiated in 2009 between the Austrian company Plansee
SE, the Karlsruhe Institute of Technology (KIT), and the Linde Engineering di-
vision of the Linde Group . A primary objective of the three-year project was to
demonstrate membrane reformer technology based on a newly developed tubu-
lar palladium composite membrane. For the development of a technical MR,
practical operating parameters were theoretically determined (e.g., temperature of
600–650°C, pressure of 16 bar, and a S/C:3). In lab-scale experiments, two types
of palladium composite membranes developed by Plansee and KIT were tested
under these conditions. Both types exhibited excellent hydrogen permeability
compared to literature values. By integrating the MR into the main production
process, an efficiency of 77% was achieved, based on the higher heating values of
hydrogen and natural gas or methane used for feed and fuel. To produce one mole
of hydrogen, 0.418 moles of methane were required. An economic analysis of the
MR system demonstrated that hydrogen can be produced in a MR with capacity
of 50 Nm3/h with membrane costs of less than 50,000 e, offering a 10% cost
advantage compared to conventional small-scale reformer systems (51ect/Nm3

vs. 57 ect/Nm3 H2) [36].
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3.5 State of the art in ultra-compact planar
membrane reformers

Extensive research has been conducted at IMVT-KIT onmicrostructured reactors.
Notably, Cremers et al. [104] developed a compact reformer integrated with
catalytic combustion, utilizing Nicrofer 3220 HT (Krupp VDM). Optimal results
were achieved by firing the integrated combustor with a mixture of hydrogen
and methane in co-flow with the reforming reaction. However, integrating a
membrane for H2 separation in such a planar system for hydrogen production
through MSR was initiated with the first generation of µ-EnH2ancer. A graphical
representation of the functional plates (see Figure 3.6) associated with the µ-
EnH2ancer is presented, along with detailed dimensions outlined in Table 3.6.
This design serves as a next generation to µ-EnH2ancer V 1.0 and the autothermal
version, µ-EnH2ancer V 2.0, both developed at IMVT-KIT. Unfortunately, the
outcomes fromµ-EnH2ancerV2.0were never experimentally tested. To elucidate
the changes resulting from the design size, Figure 3.6 provides a sketch of each
design, and the corresponding dimensions are delineated in Table 3.6.

Table 3.6: Characteristics of the µ-EnH2ancer generations developed at IMVT.

MR Pre-reforming Reforming permeate combustion Air distributor (A/V )reactor (Areformercat,bed
/Aplate)

W-H-L-Na W-H-L-N W-H-L-N W-H-L-N W-H-L-N-Db

(mm) (mm) (mm) (mm) (mm) (m2/m3) (m2/m3)

V 1.0 0.5-0.2-60-53 0.5-0.2-77-53 0.5-0.2-77-53 - - 8 0.2-0.26
V 2.0 0.5-0.2-58-53 0.5-0.2-75-53 0.5-0.2-77-53 0.5-0.2-58-53 0.5-0.2-58-53-0.4 13 0.16-0.22
V 3.0 1.34-0.3-88-61 1.34-0.3-106-61 1.34-0.3-106-61 1.34-0.3-85-61 1.34-0.3-85-61-0.3 13 0.33-0.40

a W:channel width, H:channel height, L:channel length, N:number of channels
b W:channel width, H:channel height, L:channel length, N:number of channels, D: hole diameter

Therefore in this study, the version V 3.0 and V 4.0 (similar to V 3.0 but fab-
rication through 3D printing of metals) are addressed. Regarding the scale-up
of the surface of the µ-EnH2ancer V 3.0, the limiting factors were construction
constraints due to chemical etching carried out by Ätztechnik GmbH for forming
microchannels. It is worth mentioning that this fabrication size constraint was
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Figure 3.6: The evolution of the µ-EnH2ancer from version V 1.0 to V 3.0 is marked by notable
changes. In the case of V 1.0, testing was conducted under isothermal conditions.
However, for version V 2.0, the focus shifted to incorporating a combustion plate reactor
into the design, and V 3.0 aimed at increasing the area of reacting surface to volume of
the module.

also encountered with 3D-printing devices for so-called version V 4.0. The latter
will be discussed in Chapter 7.

In Figure 3.6, it is evident that the V 1.0 functions in an electrically heated, fea-
turing an 8 mm overall thickness (module volume of approximately 61.03 cm3)
and generating 472Nm3 m−3 h−1 of H2 per reactor volume. In V 2.0, while
microchannel specifications remained constant, the addition of extra functional
plates prompted a design modification, including the incorporation of two more
plates (combustor and air distributor) into the module. The decision to include an
air distributor was driven by the goal of uniformly distributing oxidant (air/oxygen)
to the catalyst bed on the combustion plate to mitigate potential hot spots during
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catalytic combustion reactions. Additional details are provided in the patent ap-
plication by Pfeifer et al. [105]. This alteration resulted in an increase in module
weight from 0.488 kg to 0.959 kg and a thickness increase to 13mm (one combus-
tion unit per membrane reformer). Notably, the ratio (Areformercat,bed

/Aplate)

(area of the place for catalyst or membrane to the total area of the plate), repre-
senting the active area for H2 production (e.g., reformer plate) compared to the
surface area of the cover plate (top plate as a reference), decreased significantly
from V 1.0 to V 2.0, declining from 0.26 to 0.22 for the reformer plate. This ratio
serves as a crucial criterion when expanding the module’s surface area. In the
case of V 3.0, this factor reaches 0.4m2 m−3, presenting an advantageous aspect
of the design by efficiently utilizing the area on each plate and constructing highly
compact modules. This is not the only feature of the MR developed in this study.
For the first time, advanced techniques for printing the plates of the µ-EnH2ancer
made of Crofer 22 APU have been utilized, providing flexibility between design
and manufacturability with the aim of enhancing mass and heat transfer (V 4.0).
This will be discussed in detail in Chapter 6 and Chapter 7. These three designs
might have different features. The V 1.0 was constructed using Nicrofer alloy
Nicrofer 3220H/Alloy 800 (1.4876, Thyssen-Krupp VDM, Germany), primarily
composed of 30-32% Ni, 19-22% Cr, 46-51% Fe, and trace amounts of Mn, Si,
Cu, Al, and Ti. However, in the V 2.0 and V 3.0, Crofer 22 APU was used for the
plates.

Various methods of heat generation, primarily categorized to provide the heat for
MSR (see Figure 3.7). However, when accounting for several device-level design
constraints, such as compactness, energy efficiency, and long-term reliability, the
range of suitable heat sources becomes limited. For instance, the heat source must
be energy-dense to provide rapid heating while minimizing energy consumption
to ensure efficient operation. Lastly, the source should offer long-term reliability,
particularly for applications requiring all-day operation, as frequent component
replacements are impractical.

While resistive heating both direct and indirect is clean and efficient, with rapid
heat-up times and precise temperature control (see Figure 3.7), it can consume
significant energy over extended periods. Other methods, such as solar-based
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Figure 3.7: Different strategies to supply the heat needed for MSR.

heating, are less equipment-intensive but suffer from slower heating rates and
intermittent functionality, limiting 24-hour operation.

Exothermic chemical reactions, like combustion-based heating, offer a potential
solution to these challenges. With a higher energy density due to the high heating
value of fuel, combustion can provide rapid and high-temperature heating.

As previously mentioned, traditional methods of providing the necessary heat for
MSR involve using furnaces that burn non-catalyticallyNGwith air. However, this
approach has some limitations, which will be addressed here. The efficiency of
endothermic processes is highly influenced by heat distribution. According to Le
Chatelier’s principle, the thermodynamics of steam methane reforming (Reaction
2.1) are negatively affected by pressure [106]. Yet, major consumers of syngas,
such as ammonia, methanol, and Fischer-Tropsch synthesis, typically operate
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at high pressure. To optimize plant economics, MSR is performed at elevated
pressures (20-40 bar) to reduce overall compression costs [107]. Consequently,
temperatures between850 ◦C to950 ◦C are necessary to achieve adequatemethane
conversion (see Figure 2.2).

Over decades, industrial reformers have evolved into systems with long, narrow
tubular reactors where heat is supplied by combustion and transferred primarily
via radiation [108, 109]. Despite reactor tube diameters being less than 12 cm,
heat transfer is often the limiting factor in performance rather than reaction ki-
netics. The extreme conditions of the process (over 850 ◦C, high steam partial
pressures, and 30 bar) require materials with ceramic properties which is achieved
by additional coating of protective ceramic layers to ensure safe operation, such
as resistance to corrosion and low thermal expansion. To meet these demands,
expensive "superalloys" like Incoloy (FeNiCrAlTiC) are used for the reactor tubes,
while catalyst pellets aremade from a highly porous alumina-based support. How-
ever, the low thermal conductivity of these materials creates steep temperature
gradients within the reactor walls and catalyst bed, limiting catalyst utilization
[107, 110, 111].

In a typical industrial reformer, the catalytic effectiveness factor is between 2-
10%, meaning that less than 10% of the catalyst’s potential activity is utilized
[31, 110, 112]. These steep temperature gradients induce thermal stresses, short-
ening reactor lifespan [107], and necessitating long startup times for the safe
operation of industrial reformers [110]. Furthermore, high-temperature thermal
gradients increase the risk of carbon deposition, which negatively impacts plant
operations [113]. To mitigate this risk, the steam-to-carbon (S/C) ratio is care-
fully managed. Adding more steam improves methane conversion and lowers
the risk of carbon formation, but higher S/C ratios also increase the energy re-
quired to heat the excess steam. Therefore, precise heating is essential to avoid
hot spots, carbon deposition, and thermal stresses. The reactors are heated in
large furnace chambers with strategically positioned burners to ensure optimal
heat distribution. The combustion must occur several hundred degrees above the
reaction temperature to generate the necessary heat flux, typically 60 kWm−2 to
150 kWm−2 [108, 110, 114]. The flame jets are often directed away from or
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along the reactor tubes, transferring heat primarily through radiation and convec-
tion. Although uniform heat flux can be achieved, this comes at the cost of large
furnace chambers, where typically less than 2% of the total volume is occupied by
catalyst [108, 115]. Modern MSR plants operate with efficiencies (based on the
lower heating values of H2 to that of fuel) close to 95% [110, 116, 117], largely
due to effective heat recovery and steam management, as the primary reformer
only transfers about 50% of the fuel’s energy to the process gas, with the remain-
der lost as latent heat in the flue gas at temperatures over 1000 ◦C [108, 114].
The large furnace chambers, gas compression, and extensive heat recovery make
large-scale operation economically favorable, a concept known as the economy
of scale, which limits the feasibility of smaller, decentralized plants.

From an environmental standpoint, the combustion of fossil fuels for the highly
endothermic reaction results in significant CO2 emissions. A gas-fired MSR
reformer produces between 7.7 and 10.4 kg of CO2 per kg of H2, depending on
factors such as thermal efficiency, fuel, and feed, with 5.5 kg CO2/kg H2 coming
from the stoichiometric reaction itself at full conversion [108, 118, 119]. To
overcome the preheating demands typically associated with combustion, catalytic
combustion can be introduced as an alternative heat source. Furthermore, in
case of mitigating the emissions, by combining catalytic combustion with electric
heating based on the renewable energy might be another option. This hybrid
approach presents a promising solution for reducing electrical consumption in
off-grid environments and other similar applications. However, this study focuses
at the development of more efficient catalytic combustors (CR) and discussion
over other techniques is out of the scope of this study. The structure for housing
of such a system is based on the micro-reactor technology which in the following
section will be detailed. In MSR, part of the fuel being reformed is combusted
to meet the heat demands of the endothermic reaction [120]. These reactions
are thermally integrated in spatially separated microchannels (see Figure 3.7 B),
promoting effective heat transfer and resulting in a design similar to a plate heat
exchanger. Such reactors demonstrate enhanced catalytic productivity compared
to conventional fixed-bed or fluidized-bed reactors of similar size, due to surface-
to-volume ratios that are 10m2 m−3 to 100m2 m−3 higher than their traditional
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counterparts [121–125]. Additionally, they are modular, allowing for scaling
by either externally "numbering-up" processors in parallel [126, 127], or more
efficiently, by increasing the length and number of channels internally [128]. The
high-efficiency heat transfer is attributed to the fact that reactions occur on or near
the highly conductive (typically metallic) reactor walls, such as in microchannels
separated by walls with deposited catalysts [129–131]. This design enables highly
efficient heat recovery from exothermic reactions or heat supply to endothermic
reactions while minimizing heat loss becomes crucial due to the enhanced thermal
properties [132].

In terms of safety, microchannel reactors often benefit from structured flow paths,
where flame combustion is suppressed due to the narrow channel dimensions (less
than 1000 µm) and the high gas velocities through these channels [121]. Heat
transfer to the reforming reaction requires a temperature gradient across the gas-
tube-gas interface [129]. A greater thermal resistance at this interface necessitates
a steeper temperature gradient, which in turn reduces process efficiency. Addi-
tionally, the flame heating used in industrial reformers can lead to the formation
of nitrogen oxides due to the high temperatures of the flames [124, 129].

3.6 Aim of this thesis

Since the goal of this MR integrated with a CCR for autothermal operation is
to enable decentralized applications and scale-up through modular replication, it
is essential to design a module that maximizes the hydrogen production rate per
reactor volume (or membrane area) with high mechanical and thermal stability.
The core component of such a compact MR is a hydrogen-selective membrane
that remains impermeable to other gases under operating conditions. While an
ultra-thin Pd foil (12µm thick) used in previous MR designs (V1.0) demonstrated
excellent performance, its low mechanical stability and high production cost limit
its practicality. This study therefore focuses on developing a cost-effective process
for fabricating a Pd-based composite membrane with a Pd layer thickness of
approximately 10µm on a porous metallic substrate.
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The key objectives of this study are:

• Development of a thin, high-performance Pd-based composite mem-
brane with high hydrogen permeability, mechanical robustness, and ther-
mal stability. Porous sintered metals such as Crofer 22 APU are one of the
ideal substrates due to their compatibility with high-precision laser weld-
ing for module assembly and their compatibility with other components of
the MR. To prevent Pd diffusion into the substrate, a DBL coating will be
applied to the sintered metal carrier, ensuring long-term membrane stabil-
ity. The Pd coating is carried out through plasma spraying, which is a fast
coating technique with less chemical waste.

• Development of a highly active catalyst layer for MSR and CCR using
flame spray pyrolysis (FSP) as catalyst synthesis method followed by screen
printing (coating technique). A critical challenge lies in balancing hydro-
gen generation on the catalyst surface with hydrogen removal via the Pd
membrane. Rh on Al2O3 and Pd-Pt on Al2O3 are synthesized and coated
onto the microchannels for MSR and CCR.

• Exploration of advanced manufacturing techniques, such as metal ad-
ditive manufacturing (AM), for fabricatingMR components, with empha-
sis on hybrid porous-dense plates that serve as membrane supports or gas
distributors for CCR.

• Development of a 2D model for the MR-CCR integrated system to en-
able detailed analysis of potential concentration and temperature gradients.
Moreover, this model can predict results in scenarios where experiments
are not feasible.
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This chapter focuses on preparation of composite planar membranes to be inte-
grated into amembrane reformer. It starts first with idea of a composite membrane
consists of tape-casted metallic supports which is coated with a DBL layer us-
ing dip-coating followed by Pd coating by plasma spraying. The final goal is to
synthesis of a defect-free composite pd membrane with a thickness of Pd approx-
imately 10µm, firstly, using small plates (only for lab tests) and then scaling to
size needed for the membrane reformer.

4.1 Membrane concept based on the
tape-casted supports

Among supported Pd-based membranes, metallic supports are generally preferred
due to their weldability, which facilitates the integration of porous metal-based
composite membranes into reactors. Considering the metallic supports, porous
stainless steel supports are commonly utilized due to their widespread availability,
excellent chemical resistance, and reasonable cost. However, more highly alloyed
steels are required for demanding applications such as methane steam reforming.
One of the promising metallic alloys for Pd-based composite membranes was
ITM, developed by Plansee SE [36]. Generally , oxide dispersion-strengthened
chromium-rich ferritic alloys like Fe-26Cr (Mo, Ti, Y2O3) [133] and Crofer 22
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APU are particularly advantageous. These alloys offer desirable qualities such as
strong corrosion resistance, low creep rate during operation, and compatibility in
terms of thermal expansion coefficient with theYSZ support and the Pdmembrane
(see Figure A.1). However, since this alloy was not provided by the supplier, the
alternative alloy (Crofer 22 APU) was used in this study.

The initial batch of Pd-composite membranes was formulated using Crofer 22
APU substrates. The process involved the initial preparation of porous sheet
metals through tape-casting at the IEK-1 of Forschungszentrum Jülich.

Briefly, tape casting is often used for the production of substrates. In the tape
casting process, the slurry runs onto a plastic film, which is continuously passed
under the doctor blade at a controlled speed. A layer of slurry is formed on the
plastic film (see Figure 4.1), whose thickness is adjusted with a height-adjustable
doctor blade. This creates a smooth, even film. The thickness of the cast substrate
depends on the adjustable gap of the doctor blade, the feed speed, the viscosity of
the slurry, and the slurry level in the casting basin (hydrostatic pressure). After
casting the slurry, the solvent is removed from the metal foil by drying. After
drying, a self-supporting, flexible metal foil is obtained, which can be cut into
any shape. Tape casting offers high production capacity and thus cost-effective
production. Specifics about the tape casting procedure can be referenced in [134].
Subsequently, the fabricated porous sheets underwent laser welding at the IMVT
to create a hybrid substrate. The cold-rolled sheets of Crofer 22 APU, with a
thickness of 1 mm, were cut into rectangular shapes (refer to Figure 4.8) during
this step and then welded to the porous sheets.

Selecting appropriate materials for the sintered metal support and the diffusion
barrier layer is crucial for ensuring the long-term stability of the fabricated com-
posite membrane. Table 4.1 displays a compilation of commercially available
metallic supports from various companies. The criteria to consider when choos-
ing metallic support include thermal expansion coefficients (e.g. ferritic stainless
steels), compatibility with other membrane components like Pd, final surface
quality for Pd coating, mechanical and chemical stability for applications such
as steam reforming for hydrogen production, and thermal stability for long-term
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Figure 4.1: (a) Schematic of the tape-casting process for the fabrication of porous metallic substrates
using Crofer 22 APU slurry, (b) Top view of the sintered tape-cast substrate after being
treated under Ar at 1150 °C for 3 hours.

operation at moderate and elevated temperatures. For instance, Kot demonstrated
that Crofer 22 APU steel combined with 8-YSZ is a suitable material combination
for fabricating substrates for palladium composite membranes [134]. ITM sup-
port, being a ferritic stainless steel, also shows good compatibility. However, this
study focuses on the combination of Crofer 22 APU, 8-YSZ, and Pd. Dip coating
was used to coat the porous metallic supports at the IEK-1 of Forschungszentrum
Jülich. The recipe and details can be found in [135].
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Table 4.1: The thermal expansion coefficient of the principal elements in a metallic composite, Pd-
based membrane designed for H2 separation.

Material Property CET (1× 10−6 K−1) Ref.
Pd selective towards H2 12.26 at 525 ◦C [136]

8-YSZ (TZ-8Y Tosoh) reducing pores for Pd coating, 10.5-10.7
metal inter-diffusion mitigation

Crofer 22 APU membrane support, MR body 10.3-11.2 at 500 ◦C [137]
Hastelloy X metallic filter 14.5-15.5 at 500 ◦C [138]
Inconel 600 metallic filter 14-15.5 at 500 ◦C [139]
AISI 316L metallic filter 18 at 500 ◦C [140]
AISI 304 SS metallic filter 18 at 500 ◦C [140]

4.2 Experimental set-up for gas tests

The arrangement of the experimental configuration employed for the investiga-
tion of gas separation tests on Pd membranes is delineated in Figure 4.2. The
introduction of nitrogen and hydrogen into the membrane module was achieved
through mass flow controllers (Instrument, Model SLA5800 series, thermal mass
flow). The rates of permeate and retentate flow were assessed via a soap bubble
flow meter or flow meter (MesaLabs Bios DryCal Definer 220) for inert gases e.g.
N2. The pressure on the retentate side was regulated using a Flowserve (Serie
SmallFlow - 080037) regulating valve, a pressure sensor Bauemer (0-20 bar), and
PID controllers (Eurotherm 4300) using Labview (National Instrument). During
all experiments, the permeate side was consistently maintained at atmospheric
pressure. The composite membranes were securely positioned within an elec-
trically heated metallic apparatus made of stainless steel 1.4876 (Nicrofer 3220
H). The membranes were tightly enclosed using graphite gaskets for sealing pur-
poses. This combined setup, along with the graphite gaskets, effectively sealed
the membranes and hindered any potential leakage, as illustrated in Figure A.2
in the Appendix. The enclosure was subjected to electrical heating using three
heating cartridges on each side. Both the feed gas and the optional sweep gas
underwent preheating to match the temperature of the membrane apparatus.
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Figure 4.2: Schematic representation outlining the setup of the test apparatus for conducting experi-
ments on the permeation of gases.
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At the onset of the experiments, the membrane apparatus was gradually heated to
the desired temperature at a rate of 1 ◦Cmin−1. During this period, nitrogen was
passed through both the feed side and the permeate side for purging. Following
this step, the nitrogen feed flow was gradually reduced to zero, and hydrogen was
introduced into the feed side at a slow rate. The hydrogen flux was allowed to
stabilize over the next 24 hours.

To ascertain the activation energy associated with hydrogen permeation, exclu-
sively hydrogen with a relatively high volumetric flow rate (> 250 mLmin−1)
was introduced on the feed side. No sweeping gas was employed on the permeate
side, ensuring distinct hydrogen partial pressures on both sides of the membrane.
Before each experiment was conducted under specific pressure and temperature
conditions, the membrane was allowed to stabilize for 24 hours at the highest
pressure and temperature within the defined parameter range (which varied for
distinct membranes due to varying materials and thickness), unless otherwise
specified in the pertinent section.

4.3 Plasma spraying coating

4.3.1 Motivation

Various preparation techniques for Pd-based membranes have been reported in
the literature. Among these, electroless plating is the most commonly employed
method for producing Pdmembranes on a laboratory scale. However, methods that
yield high-qualitymembranes in a laboratory settingmay not be ideal for industrial
applications due to factors such as lengthy and costly manufacturing processes
[141]. High velocity oxy-fuel flame (HVOF) spraying is an attractive method for
creating Pd layers in just a few minutes, generating less chemical waste compared
to other techniques. This makes it particularly suitable for industrial applications.
Plasma spraying typically employs metallic feedstock powders with particle sizes
ranging from 20 to 60 µm, resulting in thicker palladium membranes, usually
between 45 and 60 µm [142, 143]. However, these membranes often exhibit poor
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permeability due to their high thickness, and at times, they display insufficient
selectivity towards hydrogen due to porosity and film instability. To address this
issue, using nanosized powder feedstock for thinner coatings is an alternative. Yet,
dry nanosized powders tend to cause particle agglomeration leading to amorphous
films with high porosity. Moreover, they are pyrophoric due to their high surface
area, which makes them prone to ignition when exposed to oxygen. For particles
smaller than 1 µm, employing a solvent carrier is necessary to inject the powder
into the plasma. The solvent evaporates within the plasma core, while the solid
particles melt, accelerate, and impact on a substrate, forming a coating. Therefore,
this process is referred to as suspension plasma spraying (SPS) [144–148]. Lee
et al. [149] utilized colloidal spray deposition of Pd particles in the 100–300 nm

range using water with a dispersing agent Darvan C as a solvent, accompanied by
additional heating during spraying at 110 ◦C. This approach resulted in porous
YSZ-supported Pd films with controllable homogeneous thickness (about 5–11
µm) and pores in the range of 3–7 µm after subsequent sintering.

In a similar study, Boeltken et al. [141] attempted a comparable method using a
higher viscosity solvent in atmospheric plasma spraying (SPS). Particles ranging
from 250 to 550 nm were mixed in diethylene glycol monobutyl ether stabilized
(DGME) with 10 wt.% ethyl cellulose, and the suspension was heated at 65 ◦C

for 24 h. Films of about 10 µmwere formed on alumina and porous stainless steel
with YSZ coatings used as a diffusion barrier layer, showing promising results in
terms of hydrogen selectivity. However, both approaches faced challenges related
to the stability of the suspensions, and no information was provided regarding
the microstructure of the fabricated palladium membranes when using liquid
suspension plasma spraying. An alternative technique involves using dried macro
particles under vacuum conditions, referred to in this study as vacuum plasma
spraying (VPS). Therefore, SPS is ideal for forming thin layers, while VPS can
create coatings with lower porosity, higher density, and a higher deposition rate
without particle oxidation. All the plasma spraying coatings were carried out
by the project partner, Institute of Engineering Thermodynamics of Deutsches
Zentrum für Luft- und Raumfahrt (DLR) in Stuttgart. In the following sections,
firstly, it is focused on a Pd coating with a submicronic microstructure containing

55



4 Synthesis, preparation, assembly, and testing of Palladium-based membranes

a significant amount of low-angle grain boundaries (LAGBs) while suppressing
high-angle grain boundaries (HAGBs). This is achieved using SPS and VPS
techniques. Both processes were developed to produce dense Pd membranes on
porous supports with the primary goal of achieving an optimal grain size (100–500
nm) with LAGBs for a stable membrane. Subsequent work will evaluate this
microstructure for hydrogen flux and selectivity at operating temperatures in the
hydrogen atmosphere. Then, the gas test results of the prepared test modules are
presented and discussed.

4.3.2 Plasma spraying experiments

The thermal plasma generated in this study was produced through a direct current
(DC) arc, resulting in a plasma jet with temperatures ranging from 8000 to 14,000
K and particle velocities in the range of 100 to 500 ms−1.

The temperature and momentum transfer from the plasma to the particles in-
duced the melting of powder particles and their subsequent acceleration. The
properties of these moving particles, along with the substrate temperature, were
carefully controlled to achieve high bond strengths, low porosity, and the desired
microstructure of the Pd coating. Typically, feedstock powders in thermal plasma
processes are within the range of 10 to 100 µm. Figure 4.3 provides a schematic
illustration of the path taken by the liquid suspension in the SPS coating process.
For comparison, the VPS chamber is depicted, demonstrating the process under
vacuum conditions and utilizing pure micron-sized powder instead of a liquid
suspension.

In the SPS experiments, investigations into the supply and injection of the sus-
pension into the plasma jet were initially conducted using a pure solvent. It was
crucial to fine-tune the injection parameters to ensure that the momentum of the
particles matched that of the plasma jet. This adjustment aimed to allow the
suspension to either bounce back from the plasma surface, traverse the plasma
entirely, or reach the core of the jet, as opposed to other paths [151]. A summary
of the impact of the injection pressure from the argon-pressurized tank (4 vs. 9
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Figure 4.3: Schematic representation of the SPS (or APS) technique under atmospheric pressure (top)
and VPS using dry powder of Pd (bottom) for preparation of Pd composite membranes
[150].

bar) to deliver the suspension to the jet and the use of the injection nozzle aperture
(0.2 mm vs. 0.3 mm) can be found here in our study [150]. It was determined that
a 9-bar argon stream with a nozzle size of 0.2 mm represented the most suitable
injection condition.

Subsequently, the suspension/powder was injected into the plasma, which utilized
a Sulzer-Metco TriplexPro 200 torch at a constant pressure of 9 bar. All plasma
parameters, including direct current (DC), argon, helium, and hydrogen flow, were
carefully adjusted to optimize the treatment of the palladium particles, aiming to
achieve a dense, thin coating [152]. Crofer 22 APU substrates coated with 8-YSZ
were secured on the chamber holder and heated up to 500 ◦C throughout the
entire process. The subsequent heating of the substrates facilitated better melting
of the low-concentration particles, resulting in a denser microstructure in the final
coating [150].
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4.3.3 Palladium powders

In this study, two distinct types of powderswere used including a nanopowder from
Daiken Chemicals for the SPS coating suspensions and a micron-scale powder
from C. Hafner GmbH for the VPS coating. Purification and particle size of the
commercial palladium powders in forms of as-recieved were analyzed and the
results are shown in in Figure 4.4. The Daiken Chemicals powder exhibited an
average particle size of 150 nm, with some elongated areas and agglomerations.
On the other side, the powder form C. Hafner GmbH had an average size of 8 µm
with grain variations ranging from 1 to 16 µm. ImageJ software facilitated the
analysis of around 500 particles fromvarious SEM images for each powder. Figure

Figure 4.4: SEM images of the powders were captured using a voltage of 20 kV, a current of 1.6 nA,
and an ETD detector. These images illustrate the average particle characteristics of the (a)
Daiken Chemicals Pd powder, (b) C. Hafner powder, and (c) presents the EDX analysis
of the powders, revealing insights into their purity levels [150].

4.4 presents the corresponding elemental analysis by EDX for both powders. In
the case of the Daiken Chemicals powder, small impurities of iron and nickel
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were detected, each constituting less than 2 wt.%. Both materials demonstrated a
highly dense microstructure with minimal pores between the grains. To enhance
the stability of the suspension in the case of theAPS technique and prevent particle
sedimentation while avoiding nozzle blockage during injection, TEGOMER DA
850 from EVONIK was chosen as an additive in pure ethanol. The viscosity
of the final suspension, containing 10 wt.% Tegomer DA850, was measured
using RheoSense µVISC and found to be approximately 1.8 mPa sec at room
temperature. The solution exhibited a pH of 6.5, and its density was measured at
1.05 g cm−3.

The stability of the prepared suspension was crucial to meet the quality require-
ments for SPS coating. Given the short duration of the SPS process, it might
be satisfactory enough if the suspension remains stable for several hours. To
assess stability, photos were taken over a week. The suspension underwent a
30-minute treatment in an ultrasonic bath before initiating the process to simulate
SPS conditions. It was found that the suspension exhibited significant stability for
the first few hours, making it suitable for SPS as the coating is finished in a few
minutes. Initial segmentation appeared after 5 h, with substantial segmentation
after a few days. Importantly, any remaining suspension after the SPS process
could be recovered for potential future use, if necessary [150].

4.3.4 Results of coated layers with SPS and VPS

In Figure 4.5, sample A, prepared using the Daiken Chemical Pd powder suspen-
sion in SPS, shows the density of the sample and an approximate coating thickness
of ≈ 10 µm. The 8-YSZ layer, shown in this Figure, showed a thickness of ≈
25 µm. The porosity of the Crofer 22 APU substrate is evident, and Figure 4.5
e, featuring EDX elemental mapping analysis, delineates the different layers and
their well-defined interfaces.

In the VPS coating (Figure 4.5 c, d), fewer pores are apparent, and a denser
structure is observable. The estimated thickness for this sample was also ≈ 10
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Figure 4.5: SEM images APS and VPS samples with a 30 kV, 1.6 nA beam. The surface morphology
illustrates the layer roughness for SPS (a) and VPS (c) samples. Cross-sectional views of
the SPS (b) and VPS (d) layers were also analyzed. Additionally, a backscattered detector
cross-section image (e) and EDX elemental mapping analysis (f) were conducted for the
SPS sample [150].

µm. Notably, in both cases, the pores had a diameter of less than 1 µm, and where
they were isolated and not interconnected.
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Figure 4.6 reveals the presence of 8-YSZ elements on the surface of the Pd layer
coated with the VPS recipe, prompting inquiries about potential damage to the
8-YSZ during SPS. A point EDX analysis at the lower edge of the separated Pd
layer indicated traces of Zr and Cu. The presence of Cu might be attributed to the
copper mask employed to cover the samples before the SPS process.

Figure 4.6: a) SEM images of the VPS samples with a 20 kV, 1.6 nA beam. This sample is the
delaminated layer of Pd, lamella prepared for TEM analysis. b) Elemental mapping
is shown as line and point in this Figure for the Pd layer and bottom of the Pd layer,
respectively.

To explore the grain boundaries of the palladium coatings, a detailed examination
of Sample APS was conducted through high-resolution imaging. The results
revealed a scenario where two grains merged into a single particle. The grain
boundary was distinctly identified along the line where a change in the fast Fourier
transformation (FFT) of both grains occurred. In Figure 4.7, the depiction of two
grains with their respective FFT highlights differing orientations, underscoring
the importance of meticulous analysis for accurate grain size determination. To
achieve this, numerous dark field images were acquired by tilting the beam to
various orientations, ensuring that only one orientation was visible under the
aperture during each instance. This rigorous procedure was consistently applied
to both samples.
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Figure 4.7: TEM analysis was conducted on two grains with distinct orientations in the APS sample
[150].

Figure 4.8 presents the bright field images of both samples after the coating. In
Figure 4.8 b for Sample APS and Figure 4.8 e for Sample VPS, dark field images
are displayed, illustrating grains of various orientations. Each color corresponds
to a distinct orientation, highlighting the random orientation of nanograins in both
cases. For the APS sample, an average grain size of 540 nm was determined,
with a broad range spanning from 1.2 µm to 190 nm. On the other hand, the VPS
samples exhibited a slightly smaller grain size, averaging 400 nm, with grains
ranging between 650 nm and 110 nm. The selected area diffraction patterns
(SADP) of both samples affirmed the purity and crystallinity of the coatings,
indexed to pure palladium.

Moreover, as part of the study, these samples were subjected to an H2 atmosphere
at 300 ◦C and 20 bar. The findings revealed an expansion of grain boundaries
from 100-500 nm to 536 nm for the APS sample, while it increased to 720
nm for the VPS sample. More in-depth discussions and detailed results can be
found in our study [150]. While grain boundaries in APS and VPS samples
may influence Pd membrane performance in terms of permeability, other critical
factors such as layer thickness (affecting mass transfer resistance) and adhesion
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Figure 4.8: TEM bright field images of the samples are depicted in (a) and (d). Many dark field
images of the coatings, superposed with different colors indicating various orientations
and grain sizes, are shown in (b) and (e). The SADP of each sample, confirming the
presence of pure palladium, are presented in (c) and (f) [150].

(determining coating stability) must also be considered when optimizing the
membrane. To evaluate these aspects, gas permeation tests were conducted on
the synthesized samples, and the discussion will continue based on the results of
these experiments.

4.3.5 Gas test results of APS and VPS

In this section, the gas test results for the prepared samples of APS and VPS are
discussed. The tests were carried out in the set-up explained in section 4.2.
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Figure 4.9: Gas test with N2 at room temperature for samples of APS, VPS, metallic porous substrate
of Crofer 22 APU (denoted as sinter metal), and dip-coated substrate with 8-YSZ.

In Table 4.2, several plasma spraying coatings were performed using two tech-
niques, APS and VPS, on small substrates as detailed in section 4.1. In the initial
examination of samples TMC-1 (APS) and TMC-2 (VPS), both were tested at
room temperature under N2 atmosphere to assess initial permeability against N2.
The coating thickness was approximately 65 µm for TMC-1 (APS) and 10 µm

for TMC-2 (VPS), determined based on deposition weight. The modules were
sealed with Viton sealings suitable for room temperature testing, and the adapter,
explained in section 4.2, was fixed with screws. However, upon measuring the
N2 flux through the membrane, it was observed that modules TMC-1 and TMC-2
were not sufficiently dense, allowing a significant amount of N2 to pass through.
Both samples exhibited cracks and delamination after exposure to the N2 flow,
indicating an unstable coating.
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Table 4.2: Samples of Pd-composite membranes prepared with plasma spraying coating with two
techniques of APS and VPS in this study.

Sample Composition Technique of Pd coating Thickness (µm) Remark Ref.
TMC-1 Crofer/8-YSZ/Pd APS 65 delamination at RT this study
TMC-2 Crofer/8-YSZ/Pd VPS 10 delamination at RT this study
TMC-3 Crofer/8-YSZ/Pd APS 10 poor selectivity this study
TMC-4 Crofer/8-YSZ/Pd VPS 10 poor selectivity this study
TMC-5 Crofer/8-YSZ/Pd APS 10 Poor selectivity this study

Tim Boeltken Crofer/8-YSZ/Pd APS 10 H2/N2 ideal selectivity : 45-60 [141]

For test pieces TMC-3 and TMC-4, although neither delamination nor significant
cracks were observed after the test, the relatively high permeation rate of TMC-4
compared to a substrate with a diffusion barrier layer (DBL) such as 8-YSZ-Dip
coating (Figure 4.9) suggests that the VPS technique may not produce dense Pd
layers with plasma spraying and may not be suitable for a selective membrane
for H2 separation. In the case of TMC-3, the N2 permeance ranged from 1.29×
10−6 molm−2 s−1 Pa−1 to 4.38 × 10−6 molm−2 s−1 Pa−1 when the pressure
on the retentate side was 1.2 × 105 Pa to 2.5 × 105 Pa, respectively. Analyzing
the trends of TMC-3 and TMC-4, the former exhibited behavior more dominant
by viscous flow (permeance is linear dependent to pressure difference or flux
is no-linearly dependent on pressure difference) rather than Knudsen diffusion,
indicating significant defects in both the Pd layer and the 8-YSZ. The dominated
viscous flow mechanism shows presence of micropores (larger than 1 µm) that
may originate from cracks or non-dense Pd coating.

In continuation, TMC-5, with a Pd layer coated using the APS technique, was
tested at elevated temperatures for both N2 and H2. The test involved sealing the
membrane with a graphite gasket, fixing N2 flow rates at 100 mLmin−1 on both
sides and introducing a temperature ramp of 1 Kmin−1 until reaching 723 K.
After reaching the set point, N2 permeation testing was conducted, followed by
transitioning from N2 to H2 with a ramp of 10 mLmin−1 through a LABVIEW
program. TheH2 flux versus different pressures on the retentate sidewas recorded,
with the permeate pressure maintained at atmospheric pressure. The results are
shown in Figure 4.10.
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Figure 4.10: Gas test results for sample TMC-5 (APS) at T:723K, for single gases of H2 and N2. For
comparison, the results of the test module studied by Tim Boeltken [141] tested at 673
K is shown in the graph.

In Figure 4.10, it is evident that the H2 flux for TMC-5 surpasses that of the sample
prepared by Tim Boeltken using the SPS technique (for a pressure difference
around 116 (Pa0.5), with TMC-5 exhibiting a H2 flux approximately one order of
magnitude higher. Additionally, comparing the ratio of H2 to N2 flux for TMC-
5 suggests a Knudsen diffusion-dominant diffusion mechanism, with a ratio of
around 3.7.
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Figure 4.11: SEM analysis of TMC-5 with different magnification and views for before and after gas
test of N2 and H2 at 723 K. Cracks were found after the assembly based on the images
from the surface and cross-section view.

4.3.6 Concluding remarks on plasma spraying coating
method for synthesis of Pd-composite
membranes

Based on the observations made during the study of plasma spraying using two
techniques, APS and VPS, several challenges were identified, which impede
further progress in this particular study:
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• Plasma spraying coating with both APS and VPS techniques did not result
in a perm-selective membrane for H2, as indicated by the findings in this
study.

• Achieving very smooth surface roughness of DBL, with the aim of coating
8-YSZ to have Ra < 1 µm, proved challenging, leading to poor adhesion of
the Pd layer to the DBL surface.

• The use of a planar metallic substrate with porous parts welded to a dense
frame introduced non-uniform surfaces, particularly at the corners. This
unevenness caused additional tension when clamping the test modules into
the reactor, resulting in cracks.

• Both APS and VPS techniques caused the substrate plate to bend after the
coating process, introducing additional stresses during assembly.

As part of this thesis, an alternative solution involving commercial thin foils of Pd
and their integration using a laser-welding technique was considered to address
the issues associated with the metallic substrate, and detailed discussions on this
alternative approach will be presented in the following sections 4.4.

Nevertheless, for the Pd layer, the subsequent section will explain the integration
of commercial Pd foils for the synthesis of the membranes, and this integration
will be thoroughly discussed in the following section.

4.4 Foil-based membrane integration and
assembly

In this study, two types of commercial thin foil of Pd-based membranes were
employed and integrated into microstructured membrane modules. Goodfellow
Special Metals provided cold-rolled Pd membranes with a thickness of 12.5 µm

and Pd23Ag with thickness of 5 µm from SINTEF. The latter was only used for
laser-welding tests.
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In a previous study, an intensive study on integrating commercial thin Pd-based
foils Pd, Pd-Cu, and Pd-Ag was carried out and the results can be found in
reference [153]. This study aims at using these Pd foils to be integrated with
Crofer 22APU substrates. In a previous study, the surface characteristics of the
12.5 µm Good Fellow were studied and the details are presented in [153]. The
thickness of the membrane foil is provided by the manufacturer and is confirmed
through cross-cut images during the analyses.

4.4.1 Assembly and sealing of Pd foils into the
membrane module by laser welding

Laser welding is highly suitable for joining micro-process devices due to its
advantageous attributes, such as high welding velocities and a minimized heat-
affected zone. Its distinction from other methods, like diffusion bonding, lies in
its applicability to various metals and high-melting alloys.

In the context of multilayer assemblies featuring mechanical microstructures, the
geometry of the weld seam may be influenced by locally varying heat dissipation
conditions, a consideration often overlooked at themacroscopic level. In instances
of through welding, the transition to the next layer can act as thermal insulation,
impacting the depth of welding penetration. The integration of thin membranes
composed of different materials can introduce additional complexities, potentially
leading to the occurrence of brittle phases. Nevertheless, when laser welding
operates at high speeds, thermodynamic equilibrium is not achieved, and the
formation of brittle phases can be circumvented.

Laser welding generally offers two modes of operation: continuous wave (CW)
and pulsed mode. The cross-sectional geometry of the weld seam can be cus-
tomized over a broad range based on specific application requirements. In the case
of CW-mode, an energy density of approximately 1 MWcm−2 is necessary to
generate a metal plasma keyhole, facilitating deep penetration welding. However,
the high heat input per unit of time in this mode may induce internal stresses and
thermal distortion. Alternatively, pulsed laser welding allows for adaptable energy
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input per unit length or time, potentially reducing thermal distortion in assemblies
made of thin sheets with low thermal mass for heat dissipation. Achieving vacuum
gas tightness requires overlapping single pulses by around 75%, leading to remelt-
ing of some material multiple times, which, in turn, could contribute to crack
formation. The likelihood of hot cracking during laser welding is significantly
influenced by the solidification interval of alloys. A broad solidification range
can result in the formation of hot cracks at grain boundaries, particularly where
there is remaining melt. Mitigating this effect may involve reducing temperature
gradients through pre- or post-heating. Austenitic stainless steels and nickel-based
alloys in a solution-annealed condition demonstrate favorable weldability.

4.4.1.1 Parameter optimization for welding thin Pd foils to metallic
substrates of Crofer 22 APU and 316L

Developing a reliable method for assemblingmembrane reactor plates that reduces
time and costs is crucial. Unfortunately, the previously optimized parameters that
facilitated the successful integration of thin Pd foils with stainless steel substrates
could not be consistently replicated in the present study. The reason might be
because of the aging of the laser-welding device. Consequently, an extensive and
systematic investigation was required, involving not only Crofer 22 APU but also
stainless steel 316L.

The compositions and physical properties of the steel alloys and Pd are illustrated
in Table 4.3. While 316L is FCC, Crofer 22APU possesses a BCC structure and
it is ferromagnetic as well. The bcc structure contributes to a lower coefficient of
thermal expansion in Crofer 22APU, and its heat conductivity is approximately
twice that of 316L. Additionally, the solidus temperature of Crofer 22APU is 135
K higher than that of 316L.

The coefficients of thermal expansion for both palladium and 8-YSZ (see Table 4.1
or Figure in Appendix A.1), which serve as a diffusion barrier layer for palladium
to stainless steel, align well with the bcc structure of Crofer 22 APU. However, it
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Table 4.3: Compositions and physical properties of the material used in parameter study for laser
welding in this section.

Material-No. 1.4404 1.4760 [137] Pd
Trade name 316L Crofer 22 APU
short name X2CrNiMo17-12-2 X1CrTiLa22

C <0.03 <0.03
Cr 16.5-18.5 20-24
Ni 10-13
Mn <2 0.3-0.8
Ti 0.03-0.2
Mo 2-2.5
Si <1 <0.5
Cu <0.5
Al <0.5
Fe balance balance
La 0.04-0.2
P <0.045 <0.05
S <0.015 <0.02
N <0.11

Solidus Temperature (◦C) 1375 1510
Liquid Temperature (◦C) 1400 1530 1555
Melting interval (K) 25 20 0

Thermal conductivity (Wm−1 K) 15 26 72
Thermal expansion coefficient (1E− 6/K) 16 10.3 11

Table 4.4: Integration of Pd23Ag (5µm, SINTEF) to Crofer 22 APU and SS 316L via laser welding.

Nr. P P Frequency Pulseduration Velocity Focus Remark
(W) (W) (Hz) (ms) (m/min) (mm)

1 1000 - - - 3.0 1 enough welding depth, well Pd bound, pore in the seam
2 1000 - - - 3.0 2 not enough welding depth
3 800 - - - 1.50 1 well integration of Pd, pore in the seam
4 800 - - - 1.50 2 not enough welding depth, pore in the seam
5 1500 - - - 5.0 1 enough welding depth, well Pd bound, break next to the seam
6 1500 - - - 5.0 2 not enough welding depth, well integration of Pd
7 1200 360 400 0.75 2.40 1 Well integrated Pd foil but low welding depth
8 1500 120 100 0.80 0.60 2 no integration of pd
9 2000 80 50 0.80 0.30 2 no integration of pd
10 2000 160 50 1.60 0.30 2 pore and cracks in and next to the weld seam
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is important to note that the cubic structures differ between palladium and Crofer
22 APU.

In this context, a plate with a thickness of 1 mm, composed of the selected
materials, was carefully chosen as the substrate for welding. This plate served
as the base for attaching a 12.5 µm-thick Pd foil and an additional compartment
plate made of the same material. The next phase of the investigation involved the
deliberate adjustment of various parameters, as detailed in Table 4.4, followed by
a thorough analysis of the results using SEM imaging (see Figure 4.12 and Figure
4.13).

Figure 4.12: Results of the welded pieces of Crofer 22 APU to Pd-membrane based on the numbers
listed in Table 4.4.
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The results display significant variations: the integration of the Pd-membrane in
sample 5, employing the CW technique, as depicted in Figure 4.12 and Figure
4.13, appears well-alloyed with sufficient depth of melting. However, small
defects are observable for both alloys. Unfortunately, none of the He-leak tested
samples with recipe 5 exhibited gas tightness. The sole instance of gas tightness
was observed in sample 7, where the impulse technique was employed, despite
potential reproducibility concerns related to the depth of melting. Nevertheless,
after at least three samples were prepared with these parameters, the sample
demonstrated He tightness.

From this point onward, Pd foils are welded using parameters from No. 7 (Table
4.4), irrespective of the material used (either Crofer 22 APU or 316L). However,
for non-Pd foil welding, No. 5 was considered.

Table 4.5: Leak test of the welded modules at different stages.

Namea foil Leak rate Leak rate Leak rate welding technique/parameterb configuration
(before welding)c (after welding) (after gas test)
Int./Ext. (mbarl/s) Int./Ext. (mbarl/s) Int./Ext. (mbarl/s)

TMF-1 <1E-8/<1E-8 <1E-8/<1E-8 <1E-8/<1E-8 Impulsed W./7 MC-Pd-MCd

TMF-2 - 4E-3/<1E-8 - Impulsed W./7 MS-Pd-SMe

a Test module- membrane type- number
b Parameters according to those listed in Table 4.4
c Internal/external leak rate
d Micro channel made of Crofer 22 APU with weld seam 0.5 mm in depth, 12.5 µm Pd
e Microsieve made of Aluchrom YF with 0.2 mm thickness, 12.5 µm Pd, porous sinter metal made

of Crofer 22 APU with 1 mm thickness

4.4.2 Preparation of the Pd test modules for gas test

Practically, a successful welding criterion is defined based on the vacuum He leak
test (PHOENIX Quadro Leckdetektor, Leybold). In order to prevent any damage
to thin foils during the suction/de-suction, a needle valve was installed before
the permeate side to gently control the vacuum atmosphere on the membrane.
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Figure 4.13: Results of the welded pieces of SS-316L to Pd-membrane based on the numbers listed
in Table 4.4.

It is worth noting that although the commercial Pd foils were initially certified
as light-tight by the supplier, an additional helium leak test was conducted to
confirm their integrity before welding. Particular emphasis is required to ensure
the precise clamping of multiple layers during the through-penetration welding
procedure. The primary aim is to achieve welding seams that exhibit robust
vacuum integrity. Gaps between these layers must be completely avoided, as
they act as potent thermal insulators. These insulating gaps present challenges by
hindering the attainment of consistent and predictable welding seam geometries.
This obstruction can lead to the formation of shrinking holes or compromise
the uniformity of the weld. Similar challenges arise when dealing with layers

74



4.4 Foil-based membrane integration and assembly

featuring oxidized surfaces. In this context, conducting comprehensive parameter
tests becomes essential to determine the optimal welding depth and the cross-
sectional configuration of the weld seam.

Furthermore, critical considerations include the complex interaction between ap-
paratus design and welding parameters, which significantly impacts the thermal
field during the welding process. This interaction is crucial for minimizing poten-
tial distortions or the formation of cracks, especially when working with delicate
membranes. The relationship between the heat conduction properties of the ap-
paratus and the rate of heat conduction adds further complexity to the process.
Notably, while uniform energy deposition per unit length can be achieved by ad-
justing welding parameters, this does not necessarily guarantee consistent welding
outcomes. Consequently, parameter combinations that produce satisfactory re-
sults may not easily transfer to different structural designs.

In the fabrication of metal-based systems, such as the one under consideration, the
process involves laserwelding across a variety ofmaterials. A significant challenge
in this context is the difficulty of bridging gaps without the use of filler material.
The concave nature ofwelding seams, often referred to as the "humping effect," can
cause plate bending issues, particularly when welding the microstructured stack
from an upper position. To address this issue, laser parameters were carefully
adjusted, leading to the development of an effective mitigation strategy. More
broadly, the inherent interplay between dissimilar materials within the reformer
system is further explored in the following section:

Table 4.6:Module specification for the samples of TMF-1 and TMF-3.

Module Metallic substrate DBL (coating technique) Am(cm2) thickness of DBL Height of channel (µm)
TMF-1 Micro Channel (Crofer 22 APU) - 1.5 - ≈ 150µm to 170µm

TMF-3 Sinter Metal (Crofer 22 APU) ZrO2 (screen printing) 1.5 ≈ 13µm to 19µm ≈ 30µm to 134µm
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4.4.3 Gas permeation test

Figure 4.14 shows the H2 flux as a function of the square root of the H2 partial
pressure difference. As it is seen in Table 4.6, TMF-1 and TMF-3 are configured
differently with similar Pd membranes (12.5 µm, Good Fellow). However, TMF-
3 is supported on both sides with porous substrates. This configuration might not
control the Pd volume expansion when exposed to H2, however, it allows the user
to work at higher operating pressures. Such an extra supports the probable cost
of extra mass transfer resistances, especially for gas mixtures.

Figure 4.14: Flux of H2 gas versus pressure difference of retentate and permeate side with power of
0.5 for modules TMF-1 and TMF-3 at 623.15 K.

The observed hydrogen flux versus the hydrogen partial pressure difference aligns
well with Sieverts’ law, characterized by a hydrogen partial pressure exponent
of 0.5, as described in Equation 3.8. This suggests that hydrogen transport
is primarily governed by the bulk diffusion of hydrogen atoms within the dense
membrane. Permeance and permeability values for all pure hydrogen experiments
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were derived via linear regression based on the experimental data, as indicated
by dotted lines in Figures 4.14 and Figure 4.15. In case of N2 permeation, no
permeation was seen neither at room temperature nor at elevated temperatures.

As anticipated, the hydrogen flux through the membrane increases with rising
trans-membrane hydrogen partial pressure difference, as justified by Equation
3.8. For instance, the H2 flux through the 12.5 um Pd membrane was 0.078
molm−2 s−1 at a feed pressure of 130 kPa, increasing to 0.11 molm−2 s−1 at a
feed pressure of 183 kPa for TMF-1.

Figure 4.15 shows the temperature-dependent permeance of each membrane,
suggesting that the Arrhenius law can be applied to the experimental data. The
apparent activation energies for Pd and PdAgmembranes, deduced from the linear
fit of experimental values, fall within the range of 8.75 kJmol−1.

Figure 4.15: Estimation of activation energy and permanence coefficient based on an Arrhenius plot
for sample TMF-1.
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Table 4.7: Review of the experimental gas test results for Pd membranes in literature and this study
as a comparison. PH2,perm: 101.3 kPa id permeate side was atmospheric pressure and
no other stand in the paper. CR: cold-rolled, CHF: ceramic hollow fiber, ELP: electroless
plating, MC: microchannel, PSS: porous stainless steel.

Membrane sPd PH2,R PH2,P T Q0 EA QT350◦C S Ref.
/PM/support (µm) (kPa) (kPa) (K) (1× 10−7 mol/sec/Pa0.5) (kJmol−1) (1× 10−8 mol/sec/Pa0.5) (-)
Pd/ELP/PSS 19-28 100-600 101.3 350-700 n.a. 16.4 n.a. n.a. [154]
Pd/CR/- 25 0.133-3.325 Ar sweep 100-350 n.a. 11 n.a. n.a. [155]

Pd/ELP/PC 0.5 200 101.3 350-500 0.149 9.7 0.229 846-1359 [156]
Pd/ELP/PC 0.5 200 101.3 350-500 0.363 10.3 0.497 1132-2185 [156]
Pd/ELP/CHF 2-3 115-265 98.5 350-450 n.a. 14.6 n.a. ≃ 1000 [157]
Pd/ELP/CHF 2-3 190 10.3 335-400 n.a. 15.8 n.a. >1000 [158]
Pd/CR/MC 12.5 250-450 101.3 350-400 2.59 14.6 1.56 >30000 [153]
Pd/CR/MC 12.5 250-450 101.3 350-400 4.21 8.7 0.777 not measured TMF-1

The obtained permeability and activation energy for the for TMF-1 is illustrated
in Table 4.7 where the other values from the literature for a Pd membrane are
presented.

4.4.4 After test characterisation

In order to see the real configuration after assembly and laser welding, for each
sample is only possible after-test SEM imaging. In this way, the samples TMF-1
and TMF-3 were cut and mounted in epoxy for cross-sectional analysis.
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4.4 Foil-based membrane integration and assembly

Figure 4.16: Cross-section view of samples TMF-1 and TMF-3 after gas test for estimation of the
size of each layer.

Figure 4.16 illustrates the cross-sectional views of TMF-1 and TMF-3. TMF-1
experienced bending due to the higher pressure on the retentate side. This general
configuration is not ideal, as the Pd membrane may either come into direct contact
with the fins or become unstable at higher operating pressures. For the TMF-3
sample, the Pd foils are shielded by an 8-YSZ coating. However, the curvature
of the substrate, where the dense frame is welded to the porous section, creates
an additional gap between the top and bottom plates, preventing the Pd foil from
being properly tightened.
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4 Synthesis, preparation, assembly, and testing of Palladium-based membranes

One issue that remains as a question for using Pd membranes for long-term
operation is the changes in the substrate. It is important to note that metallic
supports cannot be used at operational temperatures exceeding 550°C due to the
potential risk of inter-metallic diffusion between the palladiummembrane and the
metallic support [159].

4.5 Summary and conclusion

In this chapter, various topics are discussed, including the fabrication of hybrid
metallic supports made from Crofer 22 APU using tape-casting, and the appli-
cation of a DBL coated with 8-YSZ using dip-coating. Additionally, the chapter
covers the coating of an active Pd layer using plasma spraying with two techniques,
APS and VPS, as well as the use of commercial Pd foils.

Regarding the fabrication of the tape-casted metallic substrates, it was observed
that increasing the size of the sheets for the porous part of the substrates resulted
in non-reproducible, crack-free plates after laser welding assembly. To address
this challenge, AM was explored, as detailed in Chapter 7, to fabricate the entire
hybrid porous-dense plate in one step, eliminating the need for laser welding.

In the context of applying an active thin layer of Pd coating using plasma spraying,
neither VPS nor APS proved effective for creating a dense, perm-selective layer
for H2 separation. This indicates that further study is needed to find the optimal
conditions for using the plasma spraying coating technique which was outside the
time period of this project. Consequently, commercial Pd foils with a thickness
of 12.5µm were used, demonstrating that these foils are suitable only for small-
sized plates at the lab scale when integrated with substrates using laser welding
techniques.
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5 Catalyst preparation and testing
for methane steam reforming and
methane gas combustion

In this chapter, catalysts required for MSR and CCR were synthesized and coated
into the microchannels of reactor plates. For MSR, Rh on Al2O3 was synthesized
based on the optimal sample reported by Yu et al. [160]. For CCR, an optimal
bimetallic Pd-Pt on Al2O3 was identified and synthesized by varying the metal
loadings. The synthesized catalysts were then optimized for coating stable and
active layers into microchannels, a necessary step for assembling an ultra-compact
membrane reformer. Activity tests of the prepared layers were conducted using
lab-scale reactors to evaluate their performance.

5.1 Literature review

5.1.1 MSR reaction mechanism and kinetics

MSR relies on a catalyst to lower the energy barrier of the process. This catalyst
typically consists of the active metal, the catalyst support, and occasionally a
promoter or dopant. The support acts as the physical framework, maintaining
the catalyst within the reacting system, and it should possess good thermal and
mechanical stability, potentially contributing some catalytic activity [161]. The
support serves as a foundation for the active metal in the highly energetic reaction
system and aids in the dispersion of the active metal [162].
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5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

The predominant catalyst for MSR is Ni/γ-Al2O3, owing to its widespread use
due to low cost and favorable catalytic activity [163, 164]. Beyond γ-Al2O3,
refractory oxides like magnesium aluminates and calcium aluminates find broad
application [165]. DespiteNi’s advantageous properties, such as cost-effectiveness
and catalytic activity, it is prone to sintering and coking. Various strategies have
been employed to addressNi’s limitations, including the use of alternative supports
to γ-Al2O3 for stronger metal-support interactions, thereby reducing sintering
[166].

Figure 5.1: Potential reaction pathways for MSR as outlined by Niu et al. [167]. The reaction
network for MSR is segmented into five parts: H2O dissociation (enclosed in a dashed
green rectangle), CH4 dissociation (enclosed in a dashed red rectangle), CH oxidation
(enclosed in a dashed orange rectangle), C oxidation (enclosed in a dashed light blue
rectangle), and H2 formation (enclosed in a dashed dark blue rectangle). (reprinted with
permission from Elsevier).

The MSR process can take various reaction pathways, as depicted in Figure 5.1.
Catalysis is crucial as it facilitates specific reaction pathways to enhance hydrogen
production. Many reactions illustrated in Figure 5.1 are inherent to MSR systems.
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5.2 Catalyst synthesis

The catalytic influence on these pathways involves reducing the activation energy
barrier for particular reactions through the active sites on the catalyst [168].
Consequently, the dominant pathways depend on the chosen catalyst type and the
characteristics of its active sites. Figure 5.1 demonstrates the dissociation of water
into . H and . OH (as the sole radical species). In contrast, methane dissociation
follows three mechanisms: . OH-assisted activation, direct dissociation, and . O-
assisted dissociation [167]. The . CH radical generated from these pathways
undergoes various oxidation routes, yielding CO and H2. Specifically, . CH can
be oxidized to . CHO by O2 or . CHOH by .OH, serving as precursors for CO
formation (alongside . H production). Alternatively, . CH can be reduced to C
(with . H production), potentially deposited on the catalyst. Depending on the
presence of oxygenated species in the reaction environment, C either oxidizes
to CO and CO2 or remains on the catalyst, leading to deactivation. The . H in
the reacting systems contributes to H2 formation. As indicated in Figure 5.1,
the MSR system encompasses five possible reaction pathways: CH4 dissociation,
H2O dissociation, C oxidation, CH oxidation, and H2 formation.

5.2 Catalyst synthesis

The Flame Spray Pyrolysis (FSP) was used to prepare the catalysts for MSR and
CCR in this work. The setup is shown in Figure 5.2.

The support flame is generated by burning a mixture of CH4 and O2 which were
fed with flow rates of 0.6Lmin−1 and 1.9Lmin−1, respectively. The metal
precursor solution flow rate to the flame is adjusted to 5Lmin−1 by a syringe
pump (PHD UltraTM, Harvard). An O2 stream as dispersion gas was fed through
the precursor solution nozzle. Additional 5Lmin−1 of oxygen is provided by a
sinteredmetal plate ring as sheath gas for supporting and stabilising the flame. The
product particles are collected either in batches on a glass fibre filter (Whatman
GF/D, 25.7 cm in diameter) placed at the top of the FSP cylinder with the aid of
a vacuum pump or semi-continuously in a bag-house filter (Wegner Consulting,
Zürich). In order to load noble metals of Rh, Pt, or Pd onto Al2O3 support,
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5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

Figure 5.2: Schematic of FSP system for synthesis of catalyst in this study. The left drum shows the
batch configuration and the right drum shows the semi-continuous configuration.
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5.2 Catalyst synthesis

Figure 5.3: The flowchart showing the procedure for catalyst preparation for MSR and CCR in this
study.
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5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

a commercial Al2O3 suspension was used (Alfa Aesar, 20% stabilized Al2O3

in H2O). In this work, all prepared catalysts from this suspension are denoted
as SAL. This suspension is mixed with the Rh/Pd/Pt acetylacetonate precursor
(in 1:1:2 acetic acid/ethyhexanoic acid/methanol solution) and then sprayed into
the flame [160, 169]. To control the temperature of the flame nozzle and the
filter, two lines of cooling water are used. The deposited particles are collected
carefully from the filter by scratching the glass fiber filter with a spatula after
cooling down in batch mode. In a semi-continuous system, particles are collected
by a vacuum pump and bag-house filters, where 4 polytetrafluoroethylene (PTFE)
filters supported by metallic cages are installed inside a drum. In detail, to collect
catalyst powder, after stopping the vacuum pump, the pressurized air with the
pressure of 5 bar was pulsed for 0.05 s every 5 s into the 4 PTFE filters from an
electrically controlled tank. The catalyst powder is then collected at the bottom
of the drum. Unlike the glass fiber filter, the Bag-house collection system is not
limited to particle collection. It does not need to take more time to separate and
scratch the filter for every synthesis and finally, the powder has a higher purity
compared to batch-FSP [170].

5.3 Catalyst characterization in powder form

The prepared catalysts and coated layers (in the following sections) were char-
acterized by different techniques. These are explained in detail in Appendix
A.3.

5.3.1 Characteristics related to morphology and
structure of catalyst for MSR

The catalyst for MSR has already been optimized and more information can be
found here [160]. Briefly, two sets of catalysts based on Rh were successfully
synthesized using FSP on both flame-made and preformed support particles.
This was done to understand the factors that influence the catalytic activity of
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5.3 Catalyst characterization in powder form

such catalysts in MSR. Among the catalysts tested, the 1Rh/SAL catalyst showed
the highest CH4 conversion at a weight hourly space velocity (W/F) of 0.374
gcat/molCH4 and 600 ◦ C. Generally, catalysts supported on preformed Al2O3

exhibited higher turnover frequencies (TOF) compared to those on flame-made
Al2O3, and the values surpassed those reported in the literature for Rh catalysts. It
was observed that approximately one-third of Rh was incorporated into the Al2O3

support in Rh catalysts supported on flame-made Al2O3, resulting in reduced
accessibility of active Rh sites. Moreover, Rh reduction and H2 spillover were
facilitated on catalysts made with preformed Al2O3 particles, indicating that the
support plays a significant role in the catalytic activity of Rh. Therefore, the
catalytic performance of flame-made catalysts can be significantly improved by
using preformed Al2O3 supports [160]. For MSR, 1Rh/SAL was reproduced
and characterized before the coating process. The results of X-ray diffraction
(XRD) and temperature-programmed reduction (TPR) analysis have already been
reported in a previous study [160], therefore they are not presented here.

The BET surface area of 1RhSAL catalyst was measured to be 42m2 g−1. The
particle size of Al2O3 in the suspension was reported to be 80 nm to 100 nm

by the manufacturer. TEM images revealed a larger particle size distribution of
50 nm to 200 nm for SAL. As a result, the low surface area of SAL was attributed
to its relatively large particle size and lack of intraparticle porosity.

Scanning transmission electron microscopy (STEM) was employed to examine
the morphology of Rh nano-clusters on the SAL support, as well as to analyze the
distribution of elements on the catalyst. STEM images of 1RhSAL are depicted
in Figure 5.4.

The Rh particles appeared as distinct, bright, spherical dots on the spherical
Al2O3 support particles in the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images. It was observed that the SAL
support comprised large spheres with a size ranging from 50 to 200 nm. Moreover,
Rh particles were found to be limited to the surface of the SAL support. The
lattice distances of the Rh clusters corresponded to the Rh(111) and Rh(200)
planes, as identified by previous studies [171]. The Rh particles exhibited a
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5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

Figure 5.4: High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images were captured for 1RhSAL catalyst (up). The SAL particle size seen
by STEM images (down).

broad distribution in particle sizes, ranging from 1 to 4 nm, as depicted in the
insets of Figure 5.4. Table 5.1 summarizes the characterization results obtained
from inductively coupled plasma (ICP), pulse H2 chemisorption, and transmission
electron microscopy (TEM) methods. The Rh particle size was calculated using
Equation A.12 based on the Rh dispersion determined by H2 chemisorption, and
the amount of Rh active sites was estimated from the observed Rh particle size by
TEM using the same equation.

Using the mentioned techniques might come with errors in estimation when
calculating e.g. particle size of the Rh. For instance, results of the chemisorption
might not be accurate if factors, such as strong metal-support interaction, H2

spillover, or reactive adsorption of H2 on the support surface happen. The metal-
support interaction results in an exaggerated assessment, while the latter two result
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5.3 Catalyst characterization in powder form

Table 5.1: Charactersitics of the 1Rh/SAL based on the H2 chemisorption and TEM analysis.

Catalyst Rh loading from ICP H2 chemisorption results TEM results Ref.
Rh active sites Rh dispersion Rh particle size Rh particle size Rh active sites

(%) (Achem)(µmol/gcat) (%) (Pchem)a(nm) (PTEM )b(nm) (ATEM )c(µmol/gcat)
1RhSAL 0.84 59 73 1.5 1.7 53 [160]
1RhSAL 0.86 - 64 - 1.4 - this study

a Calculated based on the H2 chemisorption and Equation A.12.
b Estimated from Rh particles from TEM results.
c Calculated from the dispersion obtained from particle size PTEM based on the Equation A.12.

in an underestimated metal particle size. However, it is particularly noted that
strongmetal-support interaction is not anticipated to have a significant effect on the
catalyst synthesized in this study [160]. Conversely, conventional TEM techniques
may not be able to identify metal particles when they are extremely small when
metal concentrations are very low (e.g. loading of metals < 1Wt.%), or when
there is poor contrast between the metal and support. Generally, this situation
can result in an overestimation of the average size of the metal particles and an
underestimation of the metal dispersion. Furthermore, TEM methods can only
examinemicroscopic sample sections, whichmeans that variations inmacroscopic
sample properties may not be fully reflected. Additionally, TEM methods are not
able to detect metal particles that are covered by Al2O3, which means that such
incorporated metal particles will not be accessible to H2 or reactants. As a result,
the number of catalytically active Rh sites may be overestimated based on TEM
analyses. Therefore, the average size of the metal particle obtained by TEM
should be viewed as an upper limit, and the derived active Rh site density should
also be considered if the partial coverage of metal particles by the support is a
concern [160].

5.3.2 Characteristics related to morphology and
structure of catalyst for CCR

The FSP method (explained in Section 5.2) was utilized to synthesize the catalyst
for this reaction as well. Initially, the support was prepared using both SAL
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5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

and (flame-made Al2O3) FAL methods to synthesize 0.5Wt.% to 1.5Wt.%

of Pd on pre-formed Al2O3. The characteristics results showed 1PdSAL as
the optimum for second metal loading (Pt). Finally, Pd-PtSAL catalysts with
various Pt were synthesized and their compositions, particle sizes, and Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analysis results are
presented in Table 5.2.

Table 5.2: Prepared catalysts with different loadings of Pd and Pt onto SAL and FAL for CCR.

Sample Nominal composition Pd loading by ICP Pt loading by ICP PTEM

Pd:Pt (wt.%) (wt.%) (nm)
0.5PdSAL 0.5:0 - - -
1.0PdSAL 1:0 0.852 - -
1.5PdSAL 1.5:0 1.280 - 6.000a

0.5PdFAL 0.5:0 - - -
1.0PdFAL 0.5:0 - - -
0.5PdFAL 1.5:0 1.290 - 2.500b

0.5Pt1.5PdSAL 0.5:1.5 1.340 0.171 -
1.0Pt1.5PdSAL 1.0:1.5 - - -
1.5Pt1.5PdSAL 1.5:1.5 1.270 0.504 0.875c

a Pd particles are only measured.
b Pd particles are only measured.
c Pd and Pt particles are only measured.

5.3.2.1 XRD results

Figure 5.5 displays the XRD pattern of PdSAL with 0.5Wt.% and 1.0Wt.% of
Pd loading. The pattern reveals that the peaks of 0.5Wt.% are generally a bit
sharper and more intense than those of 1.0Wt.%. However, as there is no big
difference between the Pd loading of the samples, it is not expected to see a very
sharp difference in the peaks. The peaks at 34.38◦,41.72◦, 60.64◦, and 71.82◦

indicate the presence of the PdO phase, while the peak at 66.84◦ indicates the
presence of only small amounts of metallic Pd in both samples. Most of the peaks
in both samples do not exhibit a significant shift from one another [172–174].
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5.3 Catalyst characterization in powder form

Figure 5.5: The XRD patterns of different loading of Pd onto SAL and FAL for as prepared catalysts
by FSP.

As observed, there is a significant difference in the number of peaks between
SAL and FAL. This could be due to the presence of either nanoparticles with a
crystalline size in the FAL sample (which could not be detected) or an amorphous
structure. It is important to note that peaks related to Pd or Pd-Pt alloy are
concealed by peaks of γ-Al2O3. Most of the peaks in both samples are attributed
to alumina. One possible factor affecting the crystallinity results is that in FAL,
metal particles may form on both the surface and in the matrix of the substrate.

The XRD pattern in Figure 5.6 displays the impact of Pt loading on 1.5PdSAL,
where Pt loading varied between 0.5Wt.% to 1.5Wt.%. With an increase in Pt
loading, the peaks became narrower and sharper. The peaks at 34.29◦ and 71.07◦

indicate the presence of PtO, while the peak at 55.23◦ represents the presence of
PdO. The peaks at 39.39◦ and 66.90◦ are possibly related to the presence of Pt in
all samples. Moreover, according to the XRD patterns between 20◦ to 80◦, the
δ-phase of alumina was found in all three catalysts [172–174].
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Figure 5.6: The XRD patterns of different loading of Pt onto 1.5PdSAL for as prepared catalysts by
FSP.

5.3.2.2 TEM results

TEM analysis examined the arrangement of metal (oxide) particles such as Pd and
Pt onto/into alumina particles. Figures 5.7 and 5.8 present some TEM images of
1.5PdSAL and 1.5PdFAL, respectively. The SAL support was composed of large
spheres with a size ranging from 40-200 nm and large Pd particles were observed
on the surface of the SAL support in Figure 5.7.

On the other hand, Pd particles in FAL were distributed within a broader size
range of 0.5 to 4.5 nm, with an average Pd particle size of 2.5 nm based on the
TEM images. Furthermore, the elemental mapping of Pd, O, and Al in 1.5PdSAL
and 1.5PdFAL is shown in Figures 5.7 and 5.8. The results showed that many
Pd clusters were formed on the surface of the SAL particles (see Figure 5.7),
possibly due to the relatively high Pd loading and the low surface area of this
support (SAL). In contrast, Pd particles are well dispersed on the FAL support
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5.3 Catalyst characterization in powder form

Figure 5.7: TEM images of 1.5PdSAL with different magnifications and elemental mapping.

(see Figure 5.8). Figures 5.7 and 5.8 also display HRTEM images for 1.5PdSAL
and 1.5PdFAL samples.

5.3.3 Pore characteristics of synthesized catalysts
powder for CCR and MSR

Figure 5.9 illustrates the N2 adsorption-desorption isotherms and the pore size
distribution for the 1RhSAL and 1.5PdSAL catalysts. Both samples exhibit (as
they are based on the same support) a type IV isotherm with a hysteresis loop at
high relative pressures, characteristic of capillary condensation within mesopores
(Figure 5.9 top) [175–177]. Based on IUPAC classification, the hysteresis loop
is of type H2, indicating a complex mesoporous structure with poorly defined
pore size and shape distributions [178, 179]. This type of loop is typically
associated with a pore structure resembling interconnected bottlenecks, where the
pore mouth is narrower than the body [180]. The presence of the hysteresis loop
at high pressure indicates a wide pore size distribution and a large specific surface
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Figure 5.8: TEM images of 1.5PdFAL with different magnifications and elemental mapping.

area [181]. As shown in Figures 5.9 bottom, the pore size distribution for the
1RhSAL and 1.5PdSAL samples spans 2–100 nm, with a peak around 10–20 nm.

5.4 Catalyst coating methodology

For large-scale production, screen-printing is regarded as the most effective
method for loading catalysts because of its rapid processing, consistent perfor-
mance, and versatility in handling different pastes. Each screen printer is com-
posed of several key components, including a frame with a stretched mesh, a
photo stencil of the desired design attached to the mesh, a squeegee, a printable
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Figure 5.9: N2 adsorption-desorption isotherms (top) and porse size distribution (bottom) for samples
1.5PdSAL and 1RhSAL in the fresh mode and after calcination at 550 ◦C. It should be
noted that the isotherms for the 1RhSAL sample are shifted upwards by 50 units to clearly
distinguish the results within a single graph.

paste, and the substrate on which the printing is carried out. The printing pro-
cess involves the movement of the paste with a squeegee across the screen. The
screen, positioned at a defined distance from the substrate, is brought into contact
with the substrate. As the squeegee moves in the printing direction, it creates an
applied shear rate on the paste, pushing it through the screen. Upon returning
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to the starting position, the flood squeegee is lowered, refilling the screen mesh
with printing paste in preparation for the next print. The quality of the layer is
influenced by the substrate, the screen, and various process parameters [170]. The
layer thickness typically ranges from a few µm up to 100 µm and is dependent
on factors such as the distance between the screen and the substrate (snap-off
distance), the screen mesh type, printing speed, pressure, squeegee hardness, and
the rheological properties of the paste [170]. The following advantages can be
regarded when opting for screen printing as a coating technique:

• Screen printing can be effectively used for structured substrates, such as
microstructured foils

• Flexibility in design and material selection

• High resolution patterns

• Coating reproducible layers with a fast procedure

• Higher layer thickness in comparison to inkjet printing

This section represents the results related to catalyst synthesis for MSR and CCR
and their coating into the microchannels with screen printing technique.

The catalyst synthesis involved loading active metals such as Rh, Pd, Pt, or
bimetallic Pd-Pt on/into alumina as the support. The catalysts were applied to the
microchannels using a screen printing technique, which provides a straightforward
and rapid coating method suitable for industrial applications. Each set for MSR
and CCR was evaluated to meet the following points:

• Development of a fast and reproducible technique for catalyst synthesis with
a semi-industrial approach

• Employing and parameter optimization for catalyst coating with screen
printing technique as a fast and precise method
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5.4 Catalyst coating methodology

Several methods can be employed to coat particulatemedia onto a planar substrate.
In this study, screen printing is chosen as the primary coating process to apply
the desired material from a paste into the channels of micro-structured metallic
support foils with a specified layer thickness. Compared to other coating methods,
such as inkjet printing, screen printing offers several advantages, including the
ability to produce relatively thicker coatings with highly reproducible paste and
layer properties. This techniquewas employed not only for coating the synthesized
catalysts but also for applying the diffusion barrier layer, as described in Chapter
7. In this section, a homemade paste with the recipe and procedure described in
Figure 5.10 was used. The coated plates were dried and calcined. Afterward, the
weight of the depositions was calculated to adjust the operating conditions for the
reactor test.
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Figure 5.10: Flowchart of the paste preparation and coating with screen printing.

98



5.5 Catalyst characterisation of the coated catalyst layers

5.5 Catalyst characterisation of the coated
catalyst layers

Figure 5.11 illustrates the Energy Dispersive Spectroscopy (EDS) of the 1RhSAL
coated catalyst, highlighting various elements. Notably, Rh exhibits effective dis-
persion within the layer after screen printing coating. The analysis focuses on
layers produced after a single step of catalyst printing, resulting in a layer approx-
imately ≃ 10 µm thick. Furthermore, both surface examination and additional
scanning probes conducted during the analysis reveal an absence of cracks. The
layer’s topology appears sufficiently porous, suggesting probably no significant
hindrance to the effective diffusion coefficient of reactants or products to/from
the layer during the reaction.

Figure 5.11: Cross sectional view and surface view of the coated catalyst of 1RhSAL into the mi-
crochannels with screen printing technique.

For the CCR reaction catalyst, a paste containing 1.5Pd1.5Pt catalyst was printed
intomicrochannels similar to those used forMSR. The results of the freshly coated
catalyst, with screen printing, are depicted in Figure 5.12. The cross-sectional
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views reveal a layer thickness of approximately ≃ 20 µm. In particular, the
proportion of Pt is observed to be less than that of Pd, in alignment with their
respective compositions in the powder synthesis, as discussed in Section 5.3.2. It
should be noted that, similar to the MSR case, no cracks were identified in the
layers resulting from this paste.

Figure 5.12: Cross sectional view and surface view of the coated catalyst of 1.5Pd1.5PtSAL into the
microchannels with screen printing technique.

Figures 5.13 illustrate the shear stress and viscosity of the individual pastes as
a function of shear rate. Both pastes exhibit shear-thinning behavior. Notably,
from initial shear rates to a shear rate of approximately 25 s−1, the RhSAL pastes
demonstrate lower shear stress with a relatively similar viscosity value compared
to the 1.5Pd1.5Pt paste. After that, the 1RhSAL shows more shear stress while
viscosity remains still close to 1.5Pd1.5Pt paste. Both pastes exhibit an overall
trend of elevated shear stress and reduced viscosity as the shear rate increases.
This observation aligns with the findings of Somalu et al., who emphasized
the importance of understanding paste behavior within the shear rate regime
encountered during the screen-printing process [182].
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To ensure a successful screen-printing process, it is crucial for the applied pastes
to display low viscosity at high shear rates (during actual printing) and vice versa
(for distributing the paste on the sieve) [183]. In line with this requirement, a
3-interval thixotropic test was conducted to simulate the conditions during screen
printing. Initially, the shear rate was held constant at 0.1s−1 for the first 240 s.
Subsequently, it was abruptly increased to 100 s−1 over the next 45 s before being
reduced again to 0.1 s−1 for the final 200 s.

Figure 5.13 depicts the results of the thixotropic test for each considered paste.
Both pastes adhere to typical shear thinning and thixotropic behavior. The pre-
pared pastes align with the suggested literature range and the pastes have been
shown to result in satisfactory layers, making them suitable for coating using
screen printing. The reproducible was also carried out for several trials and the
deviation was less than 1%. No falling test was carried out for the coated sub-
strates, but recording their weight before and after long gas experiments showed
trivial loss (less than 3%) for small substrates. Factors such as solid content,
particle size, surface area of the particle, and binder content influence layer qual-
ity. The amount of binder plays a crucial role in the rheological properties of
the paste. An optimal balance between solid and binder content is essential to
control the ink’s rheology, as too much binder can hinder printability, while too
little can lead to cracking during drying. In the case of nano-sized powders, high
surface area may result in low solid content, enhancing interparticle interaction
and increasing viscosity and viscoelastic properties even at low solid contents.
Reducing the amount of catalyst was necessary to lower the yield stress values
and obtain a paste suitable for printing. This adjustment is crucial for extrapolat-
ing the preparation of the paste and its components when starting materials have
comparable structural properties. This aligns with Somalu et al. research [182],
indicating that paste viscosity is influenced not only by solvent and binder loading
but also by the powder’s surface area to be printed.
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Figure 5.13: Rheological properties of the pastes prepared based on 1RhSAL and 1.5Pd1.5PtSAL
catalysts for screen printing; (A) shear stress and viscosity versus shear rate, (B) shear
rate and viscosity versus time.
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5.6 Experimental set-up and gas
chromatography for gas test of catalysts
used in MSR and CCR

5.6.1 Test rig

Figure 5.14 indicates the flow chart of the set-up used for the activity catalyst test.
The gases were dosed through mass flow controllers (MFC, Brooks Instrument,
Model SLA5800 series, thermal mass flow).

The pressure of the reactor was regulated via a regulating valve Flowserve (Serie
SmallFlow- 080037) and sensing and reading the pressures with a pressure sensor
Baumer 0-20 bar, and pressure indicators West 8010+. In order to control the
heating, pressure, and flow rates a LABVIEW (National Instrument) program
was used, and the whole data was recorded for every 10 sec. P&ID controllers
of Eurotherm 2408 and Elotech R2500S were used. The reactants’ ratio and
compositions were analyzed through a bypass stream equipped with two three-
way valves before or during the reaction.

5.6.2 Gas chromatography

The gas compositionswere analyzedwith a gas chromatograph (GC,Agilent Tech-
nologies 7890B). It was equipped with a thermal conductivity detector (TCD),
and a flame ionization detector (FID). The GC was equipped with an HP-Plot/Q
19095P-Q04 and 5A-Mole sieve 19095P-MS6. The HP-Plot Q column has a
length of 30 m, a diameter of 530 mm, and a film thickness of 40 mm.

Ar was used as a carrier gas as well as a reference gas for the TCD to enable the
detection of H2 with sufficient high sensitivity towards CO. Due to GC calibration
of all present gaseous species, including O2 and H2O, the C-, H-, and O-balances
could be calculated. Laboratory gas mixtures provided by different suppliers (Air
Liquide, Basi) were used for GC calibration.
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5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

Figure 5.14: Test rig flow diagram for a microchannel reactor used for catalyst activity tests for MSR
and CCR in this work.
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5.6.3 Microstructured reactor

Figure A.3 illustrates the microreactor employed in CCR tests. The reactor com-
prises a tube and a housing cell, made of stainless steel 1.4571 and 1.4435 (316L),
while the latter was fabricated using selective laser melting technology. To create
parallel microchannels for testing, the coated foils were cut with a cutter to fit
within the housing. Subsequently, the cell (housing) was placed into a tube reac-
tor along its length, ensuring a snug fit to the inner diameter of the tube reactor
to prevent any flow from bypassing the catalytic channels. Standard swagelock
connections with metric connectors were used for the reactor sealings.

5.6.3.1 Microstructured foils

The bed for catalyst coating was a plate consisting of microchannels L 240mm,
W 1.34mm, H 300 µm, and N 14mm for small plates and L 850-110 mm, and
N 61mm for big plates in this work. The plates were made of Crofer 22 APU
(VDM Metals gmbh). Its composition is listed in Table 5.3;

Table 5.3: Chemical composition of Crofer 22 APU in [%] by min. and max. by specification [137]
and analysis of the virgin powder.

C Cr Fe S Mn Si Ti Cu
Min. 20.0 Bal. 0.30 0.03
Max. 0.03 24.0 0.020 0.80 0.50 0.20 0.50

Analysis <0.01 22.21 Bal. <0.003 0.38 0.02 0.06 0.01

P Al La Mo Ni V W Co
Min. 0.04 n.s. n.s. n.s. n.s. n.s.
Max. 0.050 0.50 0.2 n.s. n.s. n.s. n.s. n.s.

Analysis 0.006 0.013 <0.005 0.02 0.02 0.01 <0.01 0.01
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5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

The microstructured foils/plates were pre-treated with cleaning with detergent
agents and water and then cleaned in an ultrasonic-bath with isopropanol for 15
min. Then they were dried and annealed at Air atmosphere for 2 h at 800 ◦ C

in an oven to form an oxide layer on the surface that provides the coated catalyst
layer a better adhesion to the substrate [184].

5.7 Definitions

In this section, general correlations or equations used in catalyst activity definitions
are described. The residence time as a parameter to calculate the contact time of
the reactants into the reactor and consequently on the catalyst sites is defined as;

W

F
=

mcat

ṄCH4

(5.1)

where equation 5.1 gives the modified contact time with parameters of mcat,
ṄCH4

as the catalyst mass (g) and the methane flow rate inmol h−1, respectively.
The CH4 conversion, H2 and CO (for reformed gas catalytic combustion) are
defined based on their molar flow rates in the inlet and outlet of the reactor as
below;

XCH4
=

ṄCH4,in − ṄCH4,out

ṄCH4,in

(5.2)

XH2 =
ṄH2,in − ṄH2,out

ṄH2,in

(5.3)

the CO and CO2 selectivity’s are defined as followings:

Si =
Ṅi,out

ṄCH4,in − ṄCH4,out

(5.4)

where i denotes the gas CO or CO2 molar flow rate.
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5.8 Activity tests

As a check and pass routine for the activity tests, for each experiment point, an
elemental mass balance is defined based on C, H, and O elements as written in
the Equation 5.5 (e.g. for C– balance, but the others are calculated identically).

C = (1− ṄCH4,out + ṄCO,out + ṄCO2,out

ṄCH4,in + ṄCO,in + ṄCO2,in

)·100% (5.5)

5.8 Activity tests

In this section, the catalyst for the MSR reaction has been extensively examined
and detailed in [160]; consequently, no additional tests were conducted, either in
powder form or as a coating in a small lab scale. The results are directly addressed
and discussed in Section 6.4 concerning the prototype reactor. Therefore, the
subsequent section focuses on the discussion of CCR catalysts. The tests were
executed in the reactor outlined in Appendix A.3.

In this series of experiments, a blank test was conducted under atmospheric
pressure at 550 ◦C using a diluted mixture of 1% CH4 in air. The analysis of
the gas at the reactor outlet revealed no detection of any product gas. This result
indicates that, under these operating conditions, the reaction solely occurred with
the catalyst, and no additional product gases were formed.

Before conducting tests with the synthesized catalysts, a preliminary investigation
was carried out using a commercial catalyst, specifically 1Wt.%Pd on Alumina
in its reduced form (Alfa Aesar, 300m2 g−1, lot No. 0969000). This commercial
catalyst (denoted as 1PdAl-comm) served as a reference for behavior analysis and
comparison with the synthesized catalysts.

To prepare the reactor for the test, the catalyst was initially pelletized and sub-
sequently sieved within the range of 200-300 µm. Additionally, SiC (silicon
carbide) particles, ranging from 200-300 µm, were incorporated as inert diluting
particles at a 1:4 ratio with the catalyst. In the first test, 25.6 mg of catalyst and
107.3 g of SiC were thoroughly mixed in a beaker before loading into the reactor.
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5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

Figure 5.15: CH4 conversion versus time on stream for catalyst 1PdAl-comm at Pabs:1 bar,
Air/CH4:10, W/F:0.0064 grcat.min/mlCH4 .

The feed compositions for the test comprised only CH4 (4 NmLmin−1) and
synthetic air (200 NmLmin−1). The loading procedure involved placing a layer
of silicon wool inside the tube reactor, followed by loading the powder mixture
and sealing the top with another layer of silicon wool.

As observed In Figure 5.15, there is instability over time at relatively lower tem-
peratures. The instability in single metal Pd catalysts is a well-known drawback,
leading to a significant decrease in activity during the reaction, as highlighted in
literature [172, 185–188]. The literature currently lacks a definitive conclusion
regarding the cause of this deactivation. For instance, Narui et al.[186] suggested
that it might be attributed to PdO particle sintering during the reaction, although
this explanation has been challenged by others who demonstrated that aging does
not significantly affect dispersion.

One potential factor contributing to this issue could be the inhibiting effect of
water, which is generated as a product during the oxidation process [189–194].
Water can lead to the formation of inactive hydroxyl groups on the catalyst’s
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5.8 Activity tests

surface, blocking active sites for methane dissociation. Therefore, it becomes
crucial in the synthesis of Pd-based catalysts to develop methods that enhance the
catalyst’s resistance to water. The results indicate that both methane conversion
and stability increase with a temperature rise from 400 to 500 ◦C. This could
be attributed to the possibility that at higher temperatures, water, formed as a
product, more easily leaves the catalyst’s surface, reducing the blockage of active
sites.

Additionally, according to the literature, low loading of Pd on Alumina can un-
dergo oxidation with a broad peak observed from 200-700 ◦C for 1wt.%Pd/Al2O3

[195]. This information contributes to the understanding of the catalyst behavior
and oxidation characteristics at different temperature ranges.

Figure 5.16: CH4 conversion versus temperature for catalyst 1.5PdSAL at Pabs:1 bar, Air/CH4:10,
W/F:0.0082 grcat.min/mlCH4

.

In Figure 5.16, the activity of the 1.5PdSAL is presented at ambient pressure versus
various temperatures. Following the pre-oxidation step and subsequent cooling

109



5 Catalyst preparation and testing for methane steam reforming and methane gas combustion

Figure 5.17: CH4 conversion; (A) versus time for (B) against temperature catalyst; for 1.5PdSAL and
1.5Pd1.5PtSAL , Pabs:1 bar, Air/CH4:10, W/F:0.0082 grcat.min/mlCH4

.

of the reactor to 400 ◦C for the initiation of GC measurements, the catalyst’s
activity diminishes progressively throughout the entire measurement period at
this temperature. This behavior mirrors the observed trend in the 1PdAL-COMM
catalyst. Following this segment, the reactor underwent a transition from a fuel/air
atmosphere to N2, followed by cooling to 150 ◦C, an overnight holding period,
and subsequent heating to 400 ◦C for the commencement of measurements.
Interestingly, there is an increase in CH4 conversion compared to the previous
day’s measurements. This phenomenon, reported by Persson et al. [172], suggests
a potential for recovering catalyst activity. During this process, rapid changes in
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5.9 Summary and conclusion

particle morphology or desorption of substances from the catalyst surface may
occur, influencing the blocking of active sites [172].

Furthermore, activity tests were conducted on the 1.5PdSAL at 500 ◦C with 30-
minute intervals, alternating the feed stream between Air and N2 while closing the
CH4 valve. Results indicate the possibility of catalyst activation (regeneration),
but with an increase in the number of cycles, the efficiency of reactivation tends
to decrease.

Figure 5.17 A shows the the CH4 conversion versus time which as it is seen,
the addition of Pt to the catalyst stabilizes the catalyst for the gathered data at
400 and 450 ◦C. In Figure 5.17 B, the catalyst activity plotted against a defined
heat ramp (1 Kmin−1) for the 1.5Pd1.5PtSAL catalyst. The activity initiates at
approximately 320 ◦C and reaches full conversion around 475 ◦C. To provide a
basis for comparison, key data points for the 1.5PdSAL catalyst are also included
in the graph. However, to draw a comprehensive conclusion regarding the activity
of the catalyst with the combined loading of Pd and Pt, additional experiments
are needed.

5.9 Summary and conclusion

Catalysts based on noble metals, specifically Rh for MSR and Pd-Pt for CCR,
were synthesized using an efficient method suitable for large-scale production.
Both catalyst series utilized pre-formed commercial γ-Al2O3 particles, which
provide excellent access for reactants to the active metals on their surfaces. The
synthesized catalysts were characterized and then coated into microchannels using
a screen printing technique. Each pass of the printer deposited a layer approxi-
mately 10 µm thick, allowing for rapid and uniform catalyst layering. The coated
layers were analyzed, and activity tests were conducted to evaluate the catalysts’
performance. For MSR, 1RhSAL was identified as the optimal catalyst due to
its high activity. For CCR, 1.5Pd1.5PtSAL was chosen as the optimal catalyst,
demonstrating high activity and good stability in the MR system.
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6 Prototype autothermal
membrane reformer

The outcomes and experimental results described in the preceding chapters have
shaped the trajectory for the development and arrangement of a third generation
of the microstructured membrane reactor (µ-EnH2ancer V 3.0), which incorpo-
rates a Pd membrane and operates autothermally for on-site generation of pure
hydrogen. However, for this generation, µ-EnH2ancer V 3.0 should be operated
autothermally; therefore, a catalytic combustor should also be integrated into the
system.

Therefore, it should meet the following additional requirements:

• Ultra-compact design to enable high heat transfer from the heat source to
the heat sink

• Dedicated air distribution in the combustion part to avoid potential hot spots
on the catalytic combustion part

• Material selection in terms of thermal stability for the membrane reformer

In this chapter, the third version of µ-EnH2ancer, inspired by versions 1.0 and
2.0, is presented along with its improvements over the previous versions. The
plates of the membrane reformer, µ-EnH2ancer V 3.0, were coated with a catalyst
based on the optimal cases discussed in Chapter 5. For Pd membrane integration,
a thin layer of 12µm was used. The experiments were initially conducted on a
module that included pre-reforming, reforming, combustion, and an air distributor.
In another set of experiments, all the components of µ-EnH2ancer V 3.0 were
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6 Prototype autothermal membrane reformer

welded together; however, a sealed Pd membrane was not achieved. Therefore,
no experimental results are reported for the membrane reformer in this chapter.
Instead, the performance of such a system is reported theoretically using a multi-
domain, multiphysics 2D simulation. Further development of the membrane
reformer, based on the simulation results, was studied, and flexible designs were
printed using AM, which will be shown in Chapter 7.

6.1 Design of the µ-EnH2ancer V 3.0

In this study, amicrostructuredmembrane reactorwith the specified characteristics
was designed, constructed, and partially tested. The detailed internal guidance
of the gas flow within the microchannels, the welding procedure enabling the
modularity of the µ-EnH2ancer V 3.0, and the precise adjustment of the mi-
crostructured plates without causing damage (manufacturability) were developed
as part of this research.

The microstructured plates were laser-welded in a leak-tight manner layer by layer,
for the entire assembly, except in the case where the plates were integrated with
Pd foil. The reformer comprises a housing with inlets for methane, water, and
a sweep gas, as well as outlets for the reformate and separated hydrogen. The
number of membrane modules integrated into the reactor housing depends on
the desired hydrogen production capacity. Each membrane module is seamlessly
integrated through laser welding, and the specific layout of the µ-EnH2ancer V
3.0 is presented in detail below. To facilitate module replacement in the event
of membrane defects, the laser-welded membrane modules are sealed together
using graphite rings. The housing and membrane modules are constructed using
a Crofer 22 APU which shows excellent corrosion resistance up to 900 ◦ C in the
relevant gas atmospheres.

The stacking arrangement of the µ-EnH2ancer V 3.0 is illustrated in Figure 6.1.
It shows photographic and schematic representations of the MR integrated with
CCR. Each module consists of a ’pre-reforming’ zone, where methane or natural
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6.1 Design of the µ-EnH2ancer V 3.0

Figure 6.1: The top illustration depicts the stacking principle of the modular microstructured mem-
brane reactor, while the bottom schematic showcases the channel configuration within the
microchannel membrane module, highlighting heat integration through combustion.
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6 Prototype autothermal membrane reformer

gas is converted with water vapor. Ideally, a hydrogen partial pressure slightly
greater than the permeate pressure is generated to avoid back-permeation from
the permeate side of the membrane. The subsequent reforming zone is in contact
with the Pd-based membrane which separates and purifies the generated H2 and
further enhances the methane conversion and the hydrogen recovery along the
microchannel. The microchannels were created using wet chemical etching. In
the ’pre-reforming’ zone, there are 61 microchannels with dimensions of 1340
µm x 300 µm x 87mm (width x depth x length), while the microchannels in the
’reforming’ zone, which are in contact with the membrane, only vary in length
(105 mm). The microstructured plates currently have a thickness of 1 mm, but
the reforming plate is designed based on a 2 mm thick plate (see Table 3.6).

6.2 Test set-up and operating conditions and
definitions

The test rig used for methane steam reforming (see Figure 6.2) was modified
for the experimental investigation of the µ-EnH2ancer. The flow chart of the
modified test rig is shown in Figure 6.2. The microstructured membrane reactor
was installed into the test rig, and 8 heating cartridges width 8 thermocouples
on each side of the housing were used for temperature control and measurement.
The pressure drop along the microchannels was negligible (<100 mbar).

The initial concentration of the feed was adjusted through a bypass, while the
reactor underwent flushing with N2. Gas concentrations in the retentate were
assessed using gas chromatography (GC, Agilent Technologies 7890B) featuring
TCD and FID detectors. The outlet gas volume flows were measured by using a
bubble flowmeter and their mole fractions were analyzed with GC. Depending on
the type of the experiment for each study, the outlet of the reforming section was
investigated immediately after the reactor outlet or was delivered to the combustor
where excess air was ad-mixed, and then the combustor outlet was measured
and analyzed. Given the absence of a successfully assembled MR, the reaction
pressure was intentionally maintained at a low level. This decision was made as
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Figure 6.2: The diagram illustrating the flow scheme of the test rig utilized to experimentally assess
the µ-EnH2ancer V 3.0.
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the focus of the experiment did not involve studying the pressure effects in the
absence of a membrane.

6.3 Reactor assembly

Considering the laser welding process as a crucial step in the design and assembly.
Table 6.1 provides details on the characteristics of the alloys utilized in the
membrane reformer in this study.

Table 6.1: Parameters applied for laser welding of µ-EnH2ancer V 3.0 components.

Trenches depth (mm) P P Frequency Pulse duration Velocity Focus Width Material
(W) (W) (Hz) (ms) (m/min) (mm) (mm)

Foil 1200 360 400 0.75 2.40 - 1 Pd
0.3 600 - CW - 3 +1 - Crofer 22 APU
1.3 850 - CW - 3 +1 - Crofer 22 APU

To join the plates together, a laser welding technique was used. It, as a general
practice, is characterized by a minimal heat input, resulting in a narrow or po-
tentially negligible heat-affected zone. More details were discussed in Section
4.4.

Figure 6.3 shows the assembly procedure for the µ-EnH2ancer V 3.0 involving a
step-by-step welding process for different weld seams. The initial phase includes
the membrane substrate, utilizing either Pd composite membranes on metallic
substrates or Pd foils with adjacent plates, such as the micro-sieve configuration
in V.01 or without it as in V.03. Following the welding of each new plate, a
leakage test with He is conducted to ensure the module is gas-tight. However, in
this step, the assembled modules were not He leak-tight as the Pd foil damaged
(see Figure 6.3 b). Proceeding with additional plates in both directions from the
first plate (membrane plate) may induce thermal and mechanical stresses on the
module, particularly affecting the Pd layer.
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6.3 Reactor assembly

Figure 6.3: Assembly procedure for µ-EnH2ancer V 3.0 plates: a) Integration of all plates, a porous
substrate (Crofer 22 APU), and a 12.5 µm Pd foil. b) Foil cracking occurred during the
He test due to mechanical force applied during rubber tightening. c) Successful testing
and coupling of the reactor without the membrane part in this configuration.
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6.4 Methane steam reforming reaction in
µ-EnH2ancer V 3.0

In this section, an electrically-heated examination of the MSR was conducted
experimentally in the prototype reactor. Regarding the modeling, it was assumed
that infinitely fast heat transfer occurs without any temperature gradient in the
catalyst layers. Since the thickness of the catalyst layer, which could create cold
spots, is very small compared to the housing of the reactor, and any heat loss
is compensated by heating cartridges, this assumption might be correct for this
system. The properties of both the catalysts and the coated layer are outlined in
Table 6.2.

Table 6.2: Parameters for catalyst characteristics implemented in prototype reactor.

Sample Weight Thickness Catalyst composition Density Porositya Tortuosityb Particle size c Pore Diameter d

(gr) (µm) (-) (kgm−3) (-) (nm) (nm) (nm)
PT-PR-1 0.45 40 1RhSALe 1493 0.5 τ = ϵ−1/3 100 20
PT-R-1 0.20 17 1RhSAL 1493 0.5 τ = ϵ−1/3 100 20
PT-C-1 0.41 40 1.5Pd1.5PtSAL 1220 0.5 τ = ϵ−1/3 100 20

a It is assumed from our previous knowledge based on the catalyst coating on the small plates
b For saturated porous media τ is calculated from Millington and Quirk correlation: τ = ϵ−1/3

c Average size taken from TEM results
d Average size taken from N2 chemisorption results
e SAL is preformed γ -Al2O3

The graph in Figure 6.4 illustrates the CH4 conversion as a function of temperature
in the range of 600 to 900 K at nearly atmospheric pressure (Pabs= 1.14 bar). The
steam-to-carbon ratio was maintained at 3.7, and the modified contact time (W/F)
was set at 1.53 grcat h/molCH4

. To facilitate result comparison and explore the
reactor’s behavior theoretically, two kinetic models were employed. The first,
proposed by Xu and Froment [28], is associated with a NiMgAl2O4 catalyst,
while the second, studied by Halabi et al. [29, 196], refers to a Rh/Ceα Zr1–αO2

catalyst. A mathematical 2D model was used to simulate the reformer section of
the reactor, with the model’s details and formulation explained in Section 6.6.
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6.4 Methane steam reforming reaction in µ-EnH2ancer V 3.0

Figure 6.4:MSR test at µ-EnH2ancer V 3.0 plates: A) conversion of CH4 versus temperature B) Dry
gas molar fraction of the gases C) CO selectivity and CO2 selectivity versus temperature
D) 2D model validation against experiments. The 2D model was simulated based on the
kinetics of Halabi et. al and Xu, Froment at S/C:3.7 and W/F:1.53 grcat h/molCH4 .
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In Figure 6.5 A, it is observed that as the temperature is increased from 651.15
to 808.15 K, the conversion increases from 3.4% to 55.7%, accompanied by a
shift in CO selectivity from 0.08% to 19.3% (see Figure 6.5 C). No experiments
were conducted to assess mass transport resistance or limitations, and this aspect
is solely addressed by the model in the following section.

As shown in Figure 6.5, the behavior of the reaction is different for the two kinetic
models used. The performance of the Rh/Ceα Zr1–αO2 catalyst and its kinetic
model were evaluated by Halabi et. al [29, 196] in comparison to the traditional
Ni-based catalyst for steam reforming, using the kinetics proposed by Xu and
Froment [28]. The steady-state CH4 conversion profiles along the relative length
of a 5 cm fixed bed reactor were compared for both catalysts at 550 ◦C and 1.5
bar, employing a gas composition of (7.0 kPa CH4, 28.0 kPa H2O, and 4.0 kPa
H2). Initially, 10 mg of catalyst loading was used for both. According to Xu and
Froment kinetics [28], the Ni-based catalyst yielded a maximum CH4 conversion
of 64%. In contrast, the kinetic model derived from Halabi et al. [29, 196] for the
Rh-based catalyst predicts a maximum CH4 conversion of 79%, highlighting the
superior activity of the Rh catalyst compared to the Ni catalyst. They found out
that the Ni catalyst weight loading needs to be increased 14 times to match the
activity of the Rh catalyst, underscoring the significant performance difference
between the two catalysts.

As evident from Figures 6.4 D, both models exhibit deviations from experiments,
exceeding ± 20%. One main reason might be the assumption of the isothermal
condition which makes temperature gradients along the channels. Another reason
might be the necessity of a kinetic study for the synthesized catalysts. However,
since it falls outside the scope of this investigation, the kinetics model proposed
by Halabi et al. [29, 196] is adopted as the primary model in this section and
subsequent sections as it is based on using novel metal of Rh.
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6.4 Methane steam reforming reaction in µ-EnH2ancer V 3.0

Figure 6.5:MSR test at µ-EnH2ancer V 3.0 plates: A) conversion of CH4 versus temperature for dif-
ferent N2 flow rates B) conversion of CH4 along the reactor length for kinetics of Halabi et
al. andXu, Froment (simulation) at T:808K, S/C:3.7W/F:1.53 grcat h/molCH4

, C) con-
version and CO selectivity versus S/C ratio T:808 K, P:1 bar, W/F:1.53 grcat h/molCH4 .
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6.5 Combustion Reactor

In this section, a specialized test was performed to evaluate the efficiency of the
air distributor and optimize the air-to-fuel ratio for the microenhancer. This test
specifically targeted the components of the combustion plates. The assembly
process, executed via laser welding (see Figure 6.6), is explained in detail in the
preceding section. The catalyst weight and layer properties are provided in Table
6.2.

Figure 6.6: Air distributor plate used in the CCR test for controlling the heat reduce along the reactor
bed.

For tests conducted with pre-mixed feed for the CCR, it is important to note that
the air inlet is closed, and the only entry point for the feed is through the fuel
stream. In both simulation and activity tests, the dead zone where gas could
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6.5 Combustion Reactor

reach the air distribution plate is ignored and assumed to have no impact on CCR
performance.

Figure 6.7 shows the performance of the plate combustor with a configuration
of a pre-mixed gas inlet, where the air and fuel are combined beforehand and
introduced into the channels from the bottom plate (catalyst bed). The second
configuration, which involves the air distributor, is discussed in the following
section. To estimate the activation energy of the catalyst, a temperature variation
experiment was conducted, ensuring that methane conversions remained below
20%. A power-law model was used to define the reaction rate as follows:

rCH4 = K0exp(−E/RT )Cα
CH4

Cβ
O2

(6.1)

It is assumed that the reaction rate changes to CH4 with a power of 1 (α=1)
and for O2 with a power of zero (β=0) since the reaction is carried out under
lean condition (excess air). Using the Arrhenius equation, the activation energy
was calculated to be approximately 77 kJmol−1, and the frequency factor was
determined to be 1.4×108 s−1 for the simulation phase. To validate these findings
against experimental data, a 2D multiphysics simulation was conducted under
isothermal conditions, using 16 heating cartridges to regulate the temperature for
the catalyst test. As shown in Figure 6.7 A, the temperature and mole fraction
of the components (dry gas) are in good agreement with the simulation (Figure
6.7 B). All data from the isothermal condition simulation were collected based
on the CCR outlet. Figure 6.7 C illustrates the effect of the air-to-fuel ratio on the
conversion of CH4 versus temperature. As seen, with an increase in the air ratio
from 5 to 15, the conversion decreases from around 95% to 65% at 400 ◦C. This
may be due to higher velocity in the channel, which limits the diffusion of the
fuel to the catalyst layer. Additionally, Figure 6.7 D shows an increase in the W/F
ratio from 3.85 to 15.4 grcat h/molCH4

results in an increase in CH4 conversion
from approximately 60% to 85%.
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6 Prototype autothermal membrane reformer

Figure 6.7: CCR test at µ-EnH2ancer V 3.0 plates: A) conversion of CH4 and mole fraction of
the dry gas in the outlet of the reactor for 40CH4600Air (NmLmin−1), W/F:3.85
grcat h/molCH4 B) simulation results against experiments C) effect of air to CH4 versus
temperature for different Air to CH4 ratios D) Conversion versus at different temperatures
versus W/F:3.85-15.4 grcat h/molCH4 . Tests were carried out at atmospheric pressure.
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6.5 Combustion Reactor

6.5.1 Effect of using Air distribution plate in
µ-EnH2ancer V 3.0

In this section, the air enters the reaction bed through a separate distributor aimed
at managing heat across/along the reactor bed when hot spots occur (see Figure
6.6). In the literature, many studies have been allocated to the use of special
configurations for mixing fuel and oxygen/air to improve the heat distribution e.g.
CCR [197–199].

4 0 0 4 5 0 5 0 00 , 0
0 , 1
0 , 2
0 , 3
0 , 4
0 , 5
0 , 6
0 , 7
0 , 8
0 , 9
1 , 0

 O 2   N 2
 C H 4   C O 2
 c o n v e r s i o n /  a i r  d i s t r i b u t o r   c o n v e r s i o n / p r e - m i x e d  f e e d

T e m p e r a t u r e  /  ° C

Co
nv

ers
ion

/m
ole

 fra
cti

on
 / -

A

4 6 8 1 0 1 2 1 4 1 6 1 84 0 0

4 2 0

4 4 0

4 6 0

4 8 0

5 0 0

Te
mp

era
tur

e /
 °C

A i r / C H 4  /  -

0 , 0 7 1 5

0 , 0 9 0 9

0 , 1 1 0

0 , 1 3 0

0 , 1 4 9

0 , 1 6 8

0 , 1 8 8

0 , 2 0 7

0 , 2 2 7
M e t h a n e  c o n v e r s i o n  /  -B

Figure 6.8: Effect of air for tests carried out at A) conversion of CH4/mole fraction of the gases (dry
basis) 5CH475Air (NmLmin−1), W/F:30 grcat h/molCH4

, and B) conversion of CH4
versus temperature and Air to CH4 ratios.

As observed in Figure 6.8, after conducting experiments in both pre-mixed feed
mode and with the use of an air distributor plate to distribute air along and across
the catalytic plate, it was found that incorporating the air distributor leads to a
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significant reduction in CH4 conversion, down to approximately 30%, compared to
the pre-mixed mode at 400 ◦C. At higher temperatures, for the configuration with
air distribution, methane conversion increases progressively with temperature. A
2D model along a single channel, with the bottom surface coated with a catalyst
layer, was considered suitable only for the pre-mixed feed case and was therefore
used as the base case, as discussed in detail in Section 6.9. However, based
on experimental findings (Figure 6.8), a 2D single-channel model cannot fully
capture the effect of air distribution along the channel, since air is first distributed
across multiple channels. A 3D model is therefore more appropriate, as it allows
a more realistic simulation of air–fuel mixing. In order to save the computation
time, the 3D simulation was carried out under the assumption that no catalytic
reactions occur on the catalyst surface, focusing solely on the mixing behavior.
To evaluate this effect, a simplified mass and momentum balance was employed
to study mixing behavior under different feed flow rate conditions.
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Figure 6.9:Mole fraction of O2 in mixture of CH4 and air with different flow rates of 5CH4-75Air,
80CH4-320Air, and 60CH4-340AirmLmin−1 where no reaction term is considered.
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As shown in Figure 6.9, the mixing of CH4 and air (O2 in this case) is incomplete
at the selected flow rate ratios. This suggests that a significant portion of the
catalyst bed is not adequately supplied, as the O2 to CH4 ratio falls below the
stoichiometric ratio. It becomes clear that only a small part of the reactor bed is
actively participating in the reaction, which may contribute to the lower activity
observed in the air-distributor configuration compared to a pre-mixed air and fuel
system.

Based on the observation from Figure 6.10, the velocity perpendicular to the
reactor bed varies among different channels due to mal-distribution and also
along the channels. Generally, across all channels, the middle holes contribute
the least flow directed toward the catalyst bed. Regardless of the configuration,
assuming a uniform distribution for all channels in the catalyst plate, the flow
distribution is further scrutinized in the subsequent study through a 2D model.
This involves proposing alternative designs using AM techniques.
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Figure 6.10: Velocity vector in direction of the micro-hole depths of O2 in mixture of CH4 and air
with different flow rates of 5CH4-75Air, 80CH4-320Air, and 60CH4-340AirmLmin−1

where no reaction term is considered.
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6.6 Membrane reformer

Since successful integration of either a Pd composite membrane or a Pd foil into
µ-EnH2ancer V 3.0 was not achieved, the experiments for an autothermal mem-
brane reformer remained incomplete in this study. However, despite encountering
technical challenges in assembling such a complex and fragile system, it is worth-
while to proceed with simulating the system based on the insights gained from
this thesis and previous studies.

To this end, a non-isothermal 2D model is described initially, followed by vali-
dation of the results against simulation data from a previous study based on an
electrically heated membrane reformer (µ-EnH2ancer V 1.0) [37]. Subsequently,
the model was further developed for a non-isothermal mode with integrating the
combustionmodulewithmembrane reformer based on the design ofµ-EnH2ancer
V 3.0.

6.6.1 Mathematical formula

In order to model such a compact system includes four main parts endothermic
reaction part (MSR), exothermic reaction part (CCR), permeate side of Pd mem-
brane, and conductive Crofer 22 APU walls. Regarding the integration of the
combustion section, one approach is to fabricate the combustor cell separately
using laser welding and then connect it to the membrane reformer solely through
graphite gaskets. Alternatively, as demonstrated in this study, all components can
be directly integrated into a single cell. Figure 6.11 shows a cross-cut view of
such a system and also a simplified sketch with the same size as the real geometry
for one cell. When comparing with a cell structure, the model, particularly the
heat transfer, was considered only for the central rectangular section. Moreover,
as shown in the base case, no air distributor was included.
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catalytic combustion

pre-reforming

reforming

sweep gas

1 Combustion inlet
2 Off-gas
3 Reformer inlet
4 Reformer outlet
5 Sweep gas inlet
6 Permeate outlet

Gas
channel

Crofer
22APU

Pd
membrane

Rh-SAL Pd-Pt-SAL

1 2

6

µ-EnH2ancer V 3.0

5

3

4

Figure 6.11: A graphical representation of the stacked cells of the autothermal membrane reformer
and a cross view of one cell for a 2D modeling.

The mathematical formulation for a 2D heterogeneous model is presented below.
To illustrate the desired set of equations corresponding to each section in Figure
6.11, all formulas are organized into subcategories. These subcategories include
the bulk gas phase, the porous structure representing the catalyst-coated layer for
each reaction, and the solid structure (in the case of non-isothermal simulations)
representing the solid walls of Crofer 22 APU.
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6.6.1.1 Free-flow channel

• momentum transfer and mass conservation

momentum in x direction

ρmix(ux
∂ux

∂x
+ uy

∂ux
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(6.2)

momentum in y direction

ρmix(ux
∂uy
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∂
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+
∂uy

∂y
)) +

∂

∂x
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(6.3)

continuity equation

ρmix(
∂ux

∂x
+

∂uy

∂y
) + (ux

∂ρmix

∂x
+ uy

∂ρmix

∂y
) = 0 (6.4)

In this equation, ρmix represents the density of a gas mixture, which is estimated
using the ideal-gas state equation. Meanwhile, µmix denotes the viscosity of the
gas mixture, which is estimated using the Wilke method as reported by Poling et
al. [200].

• heat transfer and energy conservation

ρmixCp,mix(ux
∂T

∂x
+ uy

∂T

∂y
) = kmix(

∂2T

∂x2
+

∂2T

∂y2
) (6.5)

In this context, Cp,mix denotes the heat capacity of a gas mixture, which is
determined by computing the weighted average heat capacity of the chemical
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species involved. Additionally, kmix represents the thermal conductivity of the
gasmixture, which is estimated utilizing theMason andSaxenamethod as reported
by Poling et al. [200].

• mass transfer

ρmix((ux
∂ωi

∂x
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∂ωi
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))
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)))

(6.6)

where ω and x respectively denote the mass fraction andmole fraction of chemical
species. The multicomponent Fick diffusivities, denoted asDF

ij , are related to the
Maxwell-Stefan diffusivities as follows [201]:

DMS
ij =

xixj

∑
k ̸=i D

F
ij(adjBi)kj

ωiωj

∑
k ̸=i (adjBi)kj

;where(Bi)jk = −DF
jk +DF

ik (6.7)

In the context of multicomponent diffusion in gases at low density, the Maxwell-
Stefan diffusivitiesDMS

ij can be substitutedwith the binary diffusivitiesDij [201].
These binary diffusivities are estimated using the Fuller equation as reported by
Poling et al. [200].

• Boundary conditions

Inlet conditions as shown in Figure 6.11

• fully developed flow with an inlet velocity ux = uin
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• temperature T = Tin

• mass fraction ωi = ωi,in

conditions at the outlet

• pressure P = Pout

• zero flux ∂wi

∂x = 0; ∂T
∂x = 0

at y = youtlet,boundary

• ∂ux

∂y = 0; ∂ωi

∂y = 0; ∂T
∂y = 0

at the interface of the catalyst layer and flow channel

• no slip ux = 0

• heat flux continuity −→n .(Nchannel −Ncatalyst) = 0

• zero flux ∂ωi

∂y = 0

boundary condition for the interface between retentate (feed) and permeate sec-
tions, the flux of H2 is as follows:

−n.(−Di∇cH2 + ucH2) = JH2,0 (6.8)

it is worth mentioning that, in the sweep channel (permeate side) a tiny amount is
considered (in case of no sweep gas) which prevents negative concentration errors
during the solving of the simulations.

6.6.1.2 Porous catalyst layer and porous parts of Crofer 22 APU
printed by SLM

• Momentum and mass conservation
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momentum in x direction
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momentum in y direction
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continuity equation

ρmix(ux
∂ux

∂x
+

∂uy

∂y
) + (ux

∂ρmix

∂x
+ uy

∂ρmix

∂y
) = 0 (6.11)

In this equation, κ represents the permeability of the porous media, which is
calculated based on the Kozeny-Carman equation [202]. Additionally, ϵ denotes
the volume void fraction (porosity) of the porous media, which is assumed to be
0.4 for the catalyst layer.

• heat transfer and energy conservation

ρmixCp,mix(ux
∂T

∂x
+ uy

∂T

∂y
) = keff (

∂2T

∂x2
+

∂2T

∂y2
) + νrj∆H (6.12)

In this expression, H represents the enthalpy of the reaction, while keff denotes
the effective thermal conductivity for a porous catalyst domain, which is computed
using a volume-weighted average. The thermal conductivity of the solid catalyst
(kcat/crofer) is estimated based on alumina and is given in Table 6.3. Therefore,
the keff is calculated as follows:
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keff = ϵkmix + (1− ϵ)kcat/crofer (6.13)

Qreaction = (1− ϵ)
∑

∆Hreaction,jrreaction,j (6.14)

where kmix represents the gas mixture thermal conductivity and kcat/crofer is
the porous (catalyst or Crofer) layer thermal conductivity. The∆H is the reaction
heat for endothermic and exothermic reactions in the coated layers. The thermal
conductivity of the catalyst, which mainly consists of Al2O3, is calculated using
the following correlation [203]:

kcat = 5.85 +
15360e−0.002T

T + 516
(6.15)

where T is the temperature (◦C) and kcat hasWm−1 K−1 unit.

• mass transfer
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(6.16)

for calculation of Dij,eff the following equation was used

Dij,eff = Dji,eff =
ϵ

τ

1

2
(

1
1

Dk
i

+ 1
Dij

+
1

1
Dk

j

+ 1
Dji

) (6.17)
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In this equation, Dk
i and Dk

j represent the Knudsen diffusion coefficients of
chemical species i and j respectively. Dij and Dji denote the binary diffusion
coefficients of chemical species i and j. The values of tortuosity (τ ) are calculated
using the Bruggeman correlation [204].

• boundary conditions

interface boundary between the catalyst layer and the gas channel

• continuity: the momentum, mass, and heat flux components normal to
the boundary remain continuous across the boundary; −→n .(Nchannel −
Nporous) = 0

Table 6.3: Physical properties of the porous parts (coated catalysts and printed Crofer 22 APU) used
for simulation.

Material K ρ Cp ϵ τ dp Permeability (κ)
(Wm−1 K−1) (kgm−3) (J kg−1 K−1) (-) (-) (µm) (m2)

Crofer 22 APU 25 7700 760 0.3a τ = ϵ−1/3 - 1× 10−12b

Al2O3 Equation 6.15 - 1100 - - 0.1 d2
pϵ

3

180(1−ϵ)2
c

a It is taken from results of the optimal case in Chapter 7
b Permeability of the printed porous parts can be tuned by parameters of SLM (see Chapter 7)
c It is taken form Kozney-Carman equation

6.6.1.3 Solid plate of Crofer 22 APU

• heat transfer

∂2T

∂x2
+

∂2T

∂y2
= 0 (6.18)

• boundary conditions
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• heat flux continuity in the interface between the gas channel and solid plate;
−→n .(Nchannel −Nporous) = 0

6.6.1.4 Pd membrane

To calculate the flux of H2 across the membrane a pure Pd membrane with a
thickness of 12.5µm was used and the expression for the permeability of H2 is
as follows which is taken from [153].

Q = 1.58× 10−7exp(
−12.14( kj

mol )

RT
)

mol

msPa0.5
(6.19)

Furthermore, hydrogen recovery is defined as:

ϕH2
=

FH2,perm

FH2,ret+FH2,perm

(6.20)

6.6.1.5 Equilibrium conversion

In order to calculate the equilibrium constants and the conversion of CH4 as a
function of H2 recovery when using a Pd membrane (as explained in Appendix
A.1), the relevant parameters were computed. Additionally, a factor was intro-
duced for each equilibrium constant to account for the removal of H2 from the
reactor, representing the degree of H2 recovery. This factor adjusts the equilib-
rium calculations by reflecting the continuous extraction of H2, which shifts the
reaction towards the further conversion of CH4, enhancing the overall efficiency
of the process.
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6.6.1.6 Kinetics model

Definition and coefficients of the kinetics parameters of the model proposed by
Halabi et. al [29, 196] are as follows:

R1 =
k1
p2.5H2

(pCH4
pH2O −

p3H2
pCO

K1
)× Ω1Ωs (6.21)

R2 =
k2
pH2

(pCOpH2O − pH2
pCO2

K2
)× Ω1Ωs (6.22)

R3 =
k3
p3.5H2

(pCH4
p2H2O −

p4H2
pCO2

K3
)× Ω1Ωs (6.23)

Ω1 =
1

1 + kCH4pH2/p
0.5
H2

+ kCOpCO + kCO2pCO2 + kH2pH2

(6.24)

Ωs =
1

1 + kH2OpH2O/pH2
+ kH2

pH2

(6.25)

Table 6.4: Arrhenius kinetic parameters.

Reaction, j kj0 [mol/kgcats] Ej [kJ/mol]

1 1.62× 108 kPa0.5 83.8
2 2.34× 105 kPa−1 15.1
3 4.55× 108 kPa0.5 89.2
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Table 6.5: Van’t Hoff adsorption parameters

Species, i Ki0 [kPa−1] ∆Hi [kJ/mol]
CH4 1.49× 10−8 -98.8
CO 2.34× 10−8 -111.2
CO2 8.33× 10−10 -115.6
H2 3.88× 10−7 -88.2
H2O 2.91× 106 112.3

6.6.2 Autothermal modeling

In this section, considering the simulation results for the µ-EnH2ancer V 3.0
system, energy balances for the system have been performed, and the simula-
tion outcomes for µ-EnH2ancer V 3.0 are discussed. The energy balances take
into account heat losses, energy input requirements, and the efficiency of the H2

recovery process, allowing for a comprehensive evaluation of the system’s perfor-
mance in various operating conditions. In simulations of the autothermal system,
convergence failures were observed for very thick catalyst layers e.g. δ=100µm
and at high fuel flow rates. To ensure consistent convergence across operating
conditions, β = 0.5 was applied in Equation 6.1, thereby imposing a small positive
apparent oxygen order which improves Jacobian conditioning and mitigates O2

-depletion-induced stiffness, allowing robust solver convergence. The activation
energy of 77 kJmol−1 and the frequency factor of 1.4 × 108 s−1 were retained
as specified earlier for Equation 6.1. Moreover, a heat transfer to the ambient is
considered with heat transfer coefficient of U=4Wm−2 K−1 defined on the top
and bottom surface of the MR.

6.6.2.1 Description of simulation input

The cross-sectional view of the membrane reformer in its real geometry reveals a
non-symmetric structure, including intricate features such as weld seams used in
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the assembly process. For the purposes of simulation, these complex features are
ignored, and a simplified schematic is presented in Figure 6.11.

The characteristics of the catalyst layers are derived from the isothermal model
and experimental data presented in the previous section. Kinetic data for the
reactions occurring within the reformer are provided in Table 6.4 and 6.5. The
heat generated by the combustion reaction in the coated layer is calculated using
the enthalpy change of the reaction, ∆Hreaction.

In the simulation, the membrane is modeled as a self-supported thin layer of
Pd, welded between micro-structured plates responsible for both permeation and
reforming. Given that this system is intended for decentralized plants, operating
pressure is kept relatively low to avoid the need for a costly compressor, while
also simplifying the system. Additionally, since the dimensions and number of
microchannels are identical on both the retentate and permeate sides, no additional
hindrances were assumed for the accessible membrane area.

The parameters specific to Crofer 22 APU, which forms the solid structure and
housing of the membrane reactor, were taken from the manufacturer’s data sheet
[137]. This simplification allows for more straightforward modeling while main-
taining a focus on operational feasibility for decentralized applications.

6.6.2.2 Solver configuration

The simulations in this study were solved using COMSOL multiphysics version
6.2. The solver of the parallel sparse direct solver (PARDISO) with a fully
coupled physics was used. The relative tolerance of 1× 10−6 was considered as
termination criteria for all simulations. The mesh was created using an automated
function, resulting in smaller domains near walls and corners, and larger ones
in central areas with lower expected gradients. Mesh convergence was verified
by comparing settings from coarse to extremely fine settings (see Figure A.4 in
Appendix). The simulation was done using a workstation with AMD Ryzen
Threadripper 3960X 24-Core Processor 3.79 GHz processor, 64 GB RAM.
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6.6.3 Model Validation; comparison of the results of 2D
simulation with results of MicroEnhancer V 1.0

Given the unsuccessful integration of a Pd membrane into µ-EnH2ancer V 3.0,
the initial step involves comparing the results of a 2D simulation under assumption
of isothermal conditions for the electrically-heated membrane reformer, utilizing
the same Pd membrane characteristics and Rh-based catalyst, with data from a
study conducted by a previous study at IMVT [205]. Based on the data presented
in Reference [205] and the experimental results obtained in this study, the layer
thicknesses in the pre-reforming and reforming zones were assumed to be 40 µm
and 17 µm, respectively (data from Table 6.2).

Figure 6.12 A depicts the methane conversion and CO selectivity plotted against
the W/F ratio. These results are obtained from an assumed isothermal condition
for simulation conducted under operating conditions with a retentate pressure of
6 bar at 773 K.

According to thermodynamics of the reaction, methane conversion in steam re-
forming decreases with increasing system pressure. However, with the presence
of a Pd membrane, the equilibrium is shifted due to continuous hydrogen re-
moval, allowing for higher methane conversions. This conversion increases with
residence time. At the lowest W/F ratio of 0.33 grcat h/molCH4

, a S/C ratio of
3, and without sweep gas, a methane conversion of 38% was achieved while the
simulation showed around 35%. This experiment value is approximately presents
a higher conversion compared to the corresponding equilibrium conversion with-
out the membrane. This increased conversion suggests that the partial pressure
of hydrogen exceeded 1 bar at the end of the “pre-reforming” zone, preventing H2

diffusion from the permeate to the retentate side, thus enhancing reactor perfor-
mance. At the same time, CO selectivity decreases with an increase in residence
time showing an improving WGS reaction which converts further CO in this re-
action. Using sweep gas that removes H2 on the permeate side keeps the partial
pressure gradient of H2 (driving force) on both sides of the membrane high and
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therefore increases the CH4 conversion as more H2 is removed from the reaction
passage through the membrane.

In Figure 6.12 B, the graph illustrates the methane conversion, both measured
and simulated, for the “no sweep gas” mode, plotted against H2 recovery. The
experimental values of methane conversion align closely with the thermodynamic
equilibrium, which means the rate of the H2 separation keeps up with its pro-
duction rate through MSR. The simulated values, considering the residence time
values from Figure 6.12 B, approach the equilibrium, indicating an increase in
residence time. The deviation from the equilibrium curve is, however, relatively
higher for the simulation results. This trend shifts closer to the equilibrium curve
for space velocities larger thanW/F = 0.81 grcat h/molCH4

, suggesting that as res-
idence time increases, the system approaches equilibriumwith amore pronounced
change in CH4 conversion (dX/d(W/F) becomes larger), indicating that hydrogen
removal could be the rate-limiting step. According to Sieverts’ law for a Pd-
based membrane, higher reaction pressures result in increased hydrogen flux and
subsequently greater hydrogen recovery (Figure 6.12 D), and, thus to a decreased
partial pressure of hydrogen in the reforming passage. This causes the equilibrium
to shift further towards the product side, leading to higher methane conversions
at increased reaction pressures. The influence of reaction pressure on methane
conversion at a constant W/F ratio is illustrated in Figure 6.12 C. Although ther-
modynamic equilibrium conversion decreases with increasing pressure, the actual
conversion in the MR shows the opposite trend due to the continuous removal
of hydrogen which is promoted by the higher trans-membrane pressure differ-
ence. By comparing the predicted results from a 2D simulation with assumption
of isothermal condition with experimental data taken from µ-EnH2ancer V 1.0
[205], it is needed to develop to model for an autothermal model where the com-
bustion module is integrated with the membrane reformer according the data and
characteristics of EnH2ancer V 3.0.
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Figure 6.12: Validation of 2D simulation vs experimental results µ-EnH2ancer V 1.0 [205] under
assumed isothermal condition. A) CH4 conversion (left axis) and CO selectivity (right
axis) against residence time (W/F), B) CH4 conversion versus hydrogen recovery. C)
CH4 conversion (left axis) and CO selectivity (right axis) against pressure difference
(bar) at W/F 0.33 grcat h/molCH4 D) hydrogen recovery and flux of permeated H2
against pressure difference (bar) at W/F 0.33 grcat h/molCH4

and without sweep gas.
Operating conditions are T=773 K, Pret=6 (A,B), Pperm=1 bar and S/C=3. The solid
lines, dashed lines, and points present the 2D simulation results, equilibrium curves, and
experiments, respectively.146
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6.7 Characteristic timescales

A typical sequence of steps in a heterogeneous catalytic reaction, leading to the
production of a product, involves bulk diffusion, internal diffusion, adsorption,
reaction, and desorption [106]. To identify the limiting factors in the reaction,
characteristic timescale analysis is employed. In the case of an endothermic
reaction, the relevant timescales include external mass transfer, internal mass
transfer, heat transfer, reaction, and contact time [206].

Contact time, a crucial factor in such analyses, is determined utilizing spacetime
instead of the average residence time. This choice is influenced by the consis-
tently laminar flow at all locations, evident in a Reynolds number below 1200,
significantly lower than the turbulence transition threshold at 2100. The concept
of space-time is formally defined as [207]:

τs =
xc

uxc
(6.26)

The axial position in the reactor center (Hchannel/2) is indicated by xc and uxc

represents the linear velocity, evaluated at position xc. In contrast to the average
reaction time, which is measured at the entrance (xc = 0), the space-time is
calculated based on the velocity in the center of the channel. This is distinct from
residence time, which is determined by dividing the volume by the flow.

The external mass transport time coefficient is defined as follows [208–210]:

τext =
(Hchannel − δcatalyst)

2

Dm,CH4

(6.27)

where (Hchannel − δcatalyst) represents the height of the channel, excluding the
thickness of the catalyst layer, andDm,CH4

is the average diffusion coefficient for
CH4.

147



6 Prototype autothermal membrane reformer

The time coefficient for internal mass transfer (in the catalyst-coated layer) is
[211]:

τint =
δ2catalyst

Dm,eff,CH4

(6.28)

where δcatalyst is the thickness of the coated catalyst and Dm,eff,CH4
is the

effective diffusion of the CH4 in the gas mixture in the porous layer of catalyst as
follows [212]:

Deff =
ϵ

τ
(
1

Dk
+

1

Dm
)−1 (6.29)

τ = ϵ−1/2 (6.30)

where ϵ and τ are the porosity and tortuosity of the catalyst layer, and latter is
calculated based on the Bruggeman correlation. Moreover, Dm is the mixture-
averaged bulk diffusing coefficient (here for CH4 in mixture), and Dk which is
the Knudsen diffusion is defined as follows [212]:

Dk =
dpore
3

√
8RT

πMavg
(6.31)

In this context, dpore denotes themean pore diameter,Mavg represents the average
molecular weight of the gas species,R is the gas constant, and T denotes the tem-
perature. To simplify the calculation of tortuosity, a straightforward correlation is
employed, as variations in tortuosity approximations exert minimal influence on
moderate porosities [213].

The timescale coefficient for heat transfer is written as [106]:

τht =
δ2ρCp

k
(6.32)
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6.8 Results of non-isothermal simulation of MR

here, k represents thermal conductivity, ρ is the material density, and Cp denotes
the specific heat capacity. Throughout, the coat consistently acts as the limiting
factor in comparison to heat transfer across the reactor wall (τwall < τcoating).

The reaction time is another time scale that can be defined as follows.

τre =
CCH4

RCH4

(6.33)

In the written equation, CCH4
denotes the concentration of the methane and

RCH4 is the the overall consumption rate of methane. This time scale is calculated
based on the values on the surface of the catalyst layer. The results comparing the
different characteristic time scales are presented and discussed in the following
section (see Figure 6.18).

6.8 Results of non-isothermal simulation of
MR

Based on the definedmodel and geometry in previous sections, several parameters
were selected to be evaluated in the following sections. First, by varying two
parameters of the CCR, the total performance of the MR is shown in Figure 6.13
and Table A.2 in the Appendix. In this regard, the efficiency of the membrane
reformer (MR) which is integrated with combustion module (CCR) is defined
based on the H2 permeated through the membrane in the permeate side to the
inlet CH4:

ηMR =
FH2,perm

LHVH2

FCH4,in,MSR
LHVCH4 + (FCH4,CCR,in

− FCH4,CCR,out
)LHVCH4

(6.34)
where F represents the flow rate of each stream, and LHV stands for the lower
heating values of the corresponding species.

149



6 Prototype autothermal membrane reformer

Figure 6.13: Results of the simulation for a non-isothermal MR by changing flow rate of CH4 and
thickness of coating in CCR. The conditions are W/Freforming 1.80 grcath/mol
and Sweep gas of N2: 500NmLmin−1, Tinlet=673 K, Pret=1.5 bar, Pperm=1 bar,
Air/CH4:10 and S/C=3.
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6.8 Results of non-isothermal simulation of MR

To assess the overall performance of the MR, objective metrics such as the ef-
ficiency index (ηMR) and H2 recovery, with relatively high CH4 conversion, can
be defined. Referring to the graph in Figure 6.13, Table A.2, and Figure A.5
in Appendix (the green line in that graph with circular markers represents the
optimal condition compared to other scenarios), the optimal conditions for the
next step can be evaluated. In this optimal track, the flow rate of CH4 is set
at 100NmLmin−1, with a coated layer thickness for the CCR of 40µm. This
configuration results in CH4 conversion rates of 83% and 72% for the CCR and
MSR, respectively.

Additionally, since unconverted gases in the reformate, such as CH4, CO, and H2

can be redirected to the CCR inlet, it is important to consider the ratio of CH4 flow
rate at the CCR inlet compared to the MSR outlet. A ratio of less than 1 indicates
that the reformate gas can be utilized in the CCR without requiring additional
make-up gas. A high value of this index signifies that the CH4 in the MSR is
largely converted to products.

To identify the temperature gradients across and along the model, the flow rate of
CH4 on the combustion side (fuel) and the catalyst loading (by varying the layer
thickness) were studied. The temperature profiles along the membrane reformer
are shown in Figure 6.14 and Figure 6.15.

With the comparison of the results for different flow rates of CH4, temperature
increases alongside the MR from the inlet of CCR to rightwards. This trend is
kept, however, for a flow rate of 100NmLmin−1, it tends to give a hot spot in
relative axial position alongside MR between 0.5-0.6. As shown, this generated
heat is transferred through conduction towards the outlet of the reformer and
permeate sections. To stay within the limits of Crofer 22 APU thermal stability,
input parameters were selected to ensure the temperature does not exceed 900 ◦C.
In such a system, due to the removal of hydrogen by membrane, the MSR process
can operate at lower temperatures, such as 550 ◦C. However, this temperature is
considered a constraint due to the reactor material stability.
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Figure 6.14: Temperature profile of different sections of the autothermal MR for different flow rates
of fuel (CH4) at combustion section A) Combustion section, B) Pre-reforming section,
C) Reforming section, and D) Permeate section and temperature profile of the whole
geometry. The conditions are W/Freforming 1.80 grcat h/molCH4

and Sweep gas
of N2: 500NmLmin−1, δcat,CCR: 40 µm, Tinlet=673 K, Pret=1.5 bar, Pperm=1
bar, Air/CH4:10 and S/C=3.
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6.8 Results of non-isothermal simulation of MR

The temperature profile shown for the catalyst layer (center line) corresponds to
a heat generation by CCR channel (per volume of channel, surface average value)
of approximately 93 to 171Wcm−3 when increasing the fuel flow rate from 60 to
100 NmLmin−1. This range of value is significantly comparable to industrial-
scale gas-fired reformers, where heat values typically range from 0.5Wcm−3 to
7.5Wcm−3 [108, 110]. Additionally, in gas-fired microreactors, this value can
increase significantly, reaching up to 65Wcm−3 within the reaction zone [214].

One major advantage of such a compact system is its ability to mitigate the
steep temperature gradients observed in industrial-scale reformers. In traditional
setups, reformer tubes placed inside a furnace experience high heat flux from the
furnace and low thermal conductivity within the catalyst-packed tubes, leading
to substantial temperature variations. In contrast, catalyst-coated reactors offer a
much shorter length scale, effectively minimizing temperature gradients between
the heat source and heat sink. As seen in Figure 6.15, with an increase in
the thickness of the coated catalyst layer in the CCR to δcat,com = 100µm, an
undesirable heat peak develops in the first 20% of the MR. On the other hand,
for a thickness of δcat,com = 10µm, the system becomes inefficient in terms of
providing the necessary heat for conducting the MSR.
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Figure 6.15: Temperature profile of different sections of the autothermal MR for different coating
thicknesses at combustion section A) Combustion section, B) Pre-reforming section,
C) Reforming section, and D) Permeate section and temperature profile of the whole
geometry. The conditions areW/Freforming 1.80 grcath/mol and Sweep gas of N2:
500NmLmin−1, FCH4:100 NmLmin−1, Tinlet=673 K, Pret=1.5 bar, Pperm=1
bar, Air/CH4:10 and S/C=3.
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6.8 Results of non-isothermal simulation of MR

Figure 6.16 illustrates the CH4 conversion and CO selectivity for MSR across dif-
ferent sections, including pre-reforming and reforming, for various CH4 feed flow
rates and catalyst thickness of 40µm at CCR channel. As observed, increasing the
fuel feed flow rate in the combustor enhances CH4 conversion for MSR. This is
due to the greater amount of heat produced by the exothermic reactions at higher
fuel flow rates. Comparing the results with the equilibrium values calculated for
each temperature profile indicates that in the pre-reformer, the conversion of CH4

approaches the equilibrium value near the end of the channel. In the reformer
channel, where H2 is separated through the membrane, the conversion exceeds
the equilibrium value.
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Figure 6.16: CH4 conversion and CO selectivity of MSR for different flow rates of fuel (CH4) at
combustion section A) conversion in pre-reforming section, B) conversion in reform-
ing section, C) selectivity in pre-reforming section, and D) selectivity in reforming
section. The conditions are W/Freforming 1.80 grcath/mol and Sweep gas of
N2: 500Nml/min, δcat,CCR: 40 µm, Tinlet=673 K, Pret=1.5 bar, Pperm=1 bar,
Air/CH4:10 and S/C=3.
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However, as shown in Figure 6.17, the location of the heat source in the catalytic
combustion reactor (CCR) does not align perfectly with the heat sink in the
MSR for δcat,CCR:100 µm. This misalignment causes a sharp temperature rise on
the left-hand side of the MR and an increased CH4 conversion at the reformer
outlet. Moreover, Figure 6.17 shows that in the "reforming" for case δcat,CCR:100
µm, as the temperature in regions "reforming" and "permeation", the rate of H2

permeation falls behind its production by MSR in the last 15% of its path in the
flow direction. It requires introducing the DaPe number which is explained in the
following section.
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Figure 6.17: CH4 conversion and CO selectivity of MSR for different coating thicknesses at com-
bustion section A) conversion in pre-reforming section, B) conversion in reforming
section, C) selectivity in pre-reforming section, and D) selectivity in reforming sec-
tion. The conditions are W/Freforming 1.80 grcath/mol and Sweep gas of N2:
500NmLmin−1, FCH4:100 NmLmin−1, Tinlet=673 K, Pret=1.5 bar, Pperm=1
bar, Air/CH4:10 and S/C=3.
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6.8 Results of non-isothermal simulation of MR

To assess the membrane’s performance under the specified operating conditions,
additional parameters need to be defined. Dimensionless analysis is a widely
used approach for quickly identifying characteristic time and length scales within
a system, making it an essential tool in chemical engineering, fluid dynamics,
and heat and mass transfer. In the design of membrane reactors, two critical
dimensionless numbers are particularly relevant: the Damköhler number and the
permeation (Péclet) number. These numbers provide valuable insights into the
system’s behavior and are defined here by Tsuru et al. [215]:

Pe =
P 0.5
H2

AmemLQ

FCH4,0

(6.35)

Da =
Rmax

1 Wcat

FCH4,0

(6.36)

where
Rmax

1 = k1(PCH4PH2O)/PH2.5
2

/Ω1Ωs (6.37)

where DaPe is defined as the ratio of Da number to Pe number. In the mentioned
equations, P 0.5

H2
is the maximum driving force of partial pressure of H2 at the

retentate side. Q is the permeance according to Equation 6.19. FCH4,0 is the
molar flow rate of CH4 in the inlet of the reactor. Rmax

1 is the forward reaction
of MSR as the maximum H2 production rate. Parameters Ω1 and Ωs can be
calculated from Equations 6.24 and 6.25, respectively.

Figure 6.18 illustrates the time scales for various transport mechanisms within
the bulk and porous catalyst layer. The space-time serves as the primary limiting
factor for all cases. As the coating thickness of the CCR increases from 10 to 100
µm, τext decreases because the thicker coating reduces the bulk gas diffusion path.
Comparing τext with τre suggests for effect of thickness shows that for δcat,CCR:
10 µm, reaction limitations may occur. For τint, its value increases with coating
thickness but remains lower than τre, indicating no limitation due to internal
diffusion (Figure 6.18 B). Additionally, τht is the fastest transport mechanism and
shows no limitations for all coating thicknesses. When considering the effect of
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the CH4 flow rate (60-100 NmLmin−1) in the fuel chamber, τext shortens for
the first 25% of the MR length.

Figure 6.18: Time scales for different fuel flow rates and CR coating thicknesses. The condi-
tions are δcat,com:10-100 µm, combustion fuel flow of CH4: 60-100 NmLmin−1

W/Freforming 1.80 grcath/mol and Sweep gas of N2: 100-500 NmLmin−1,
Tinlet=673 K, Pret=1.5-2.5 bar, Pperm=1 bar, Air/CH4:10 and S/C=3.
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Figure 6.19 (and Table A.3 in Appendix) shows the simulation results for different
values of input parameters related toMSR.These set of simulationswas carried out
based on the picked δcat,CCR:40 µm, and combustion fuel flow rate of CH4:100
NmLmin−1 as the optimum condition from the previous step. It is noted that the
CCR and MR are supposed to be operated at the same operating pressure when
operating MR. Therefore, increasing the pressure of MR for higher permeation of
H2 is inevitable for operating conditions in CCR.

Figure 6.19: CH4 conversion and H2 recovery, MR efficiency, and DaPe number. The conditions are
δcat,com:40 µm, combustion fuel flow of CH4: 100 NmLmin−1 W/Freforming

1.80 grcath/mol and Sweep gas of N2: 100-1000 NmLmin−1, Tinlet=673 K,
Pret=1.5-6 bar, Pperm=1 bar, Air/CH4:10 and S/C=3.

As observed, the DaPe parameter exhibits varying behavior for each set of con-
ditions due to temperature or pressure changes in the reformer channel, which
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are influenced by the combustor section. When DaPe exceeds 1, the membrane
reactor (MR) is constrained by the membrane’s performance. Comparing this
with Figure6.17 B, it is evident that in the first 20% of the relative axial position,
where the combustor section overheats the MR, H2 production is higher, though
its permeation lags, aligning with equilibrium values. Based on the results from
Figure 6.19, ηMR reaches to maximum 26% with a H2 recovery of 96% for the
case shown with dark brown circle. It requires indeed high sweep gas flow rate
of 1000 NmLmin−1, pressure of 6 bar and W/FCH4 3 grcath/mol. By reducing
the sweeping flow rate to 500 NmLmin−1, the performance of MR still remains
in a good range in terms of MR efficiency, H2 recovery, and CH4 conversion.

Figure 6.20 illustrates that as the sweeping flow rate of N2 (used as a sweep gas)
increases from 100NmLmin−1 to 1000NmLmin−1, a concentration polariza-
tion develops. This polarization reduces the concentration to approximately 3%
and 10% near the membrane surface, highlighting the inhibitory effect of N2

sweep gas through diffusion. However, increasing the flow rate of the sweeping
gas improves the flow rates of the permeatedH2 on the permeate side by improving
the driving force on both sides of the membrane. In applications where a diluted
N2-H2 mixture is required, such as in steel or glass plants as a reducing agent, no
further separation of the permeate stream is necessary. It can be supplied directly
to these industries.
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Figure 6.20: Effect of sweeping gas N2 flow rate at conditions of δcat,com:40 µm, combustion fuel
flow of CH4: 100 NmLmin−1 W/Freforming 3 grcat h/molCH4

and Sweep gas
of N2: 100-1000NmLmin−1, Tinlet=673 K, Pret=6 bar, Pperm=1 bar, Air/CH4:10
and S/C=3.
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Figure 6.21 illustrates the impact of trans-membrane pressure difference on the
performance of the MR. Both the CCR and the MSR operate under the same inlet
temperature and pressure conditions. It is observed that a higher fuel concentration
in the CCR causes a temperature peak in the first 20% of the MR’s axial position
when the pressure increases from 1.5 to 6 bar.
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Figure 6.21: Effect of pressure of MSR at conditions of δcat,com:40 µm, combustion fuel flow of
CH4: 100 NmLmin−1 W/Freforming 3 grcat h/molCH4 and Sweep gas of N2:
1000 NmLmin−1, Tinlet=673 K, Pperm=1 bar, Air/CH4:10 and S/C=3.
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Additionally, Figure 6.21 shows the partial pressure of H2 in the pre-reformer,
reformer, and permeate sections. Here, H2 is produced within the coated cata-
lyst layers and migrates to the membrane surface to pass through. As pressure
increases, the driving force also increases (in the case of isothermal conditions).
However, since the MR temperature distribution is influenced by the CCR’s oper-
ating pressure, at the same cross-section of the MR (middle of the MR), a higher
pressure of 6 bar results in a lower driving force (difference between partial pres-
sure profiles) compared to 1.5 bar, due to the relatively higher temperature at that
position for the latter.

Due to the high concentration of fuel in the CCR and the low velocities of
the reactants causing temperature spikes, it is necessary to optimize the MR with
innovative design ideas. The following section will discuss these ideas thoroughly.
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6.9 Optimization of MR with advanced
manufacturing techniques

As identified in the previous section, when there is a mismatch between the
exothermic and endothermic reactions, significant heat peaks persist within the
first 20% of the reactor. In this section, it is proposed to distribute the heat source
more along the reactor length, either through segmentation of the catalyst layers
or by incorporating additively manufactured air distributors.

Figure 6.22: Comparison of different configurations for CR, Case A: base case where air and fuel are
pre-mixed with uniform coated layer, Case B: pre-mixed inflow with uniform segmented
catalyst layer, Case C: additively manufactured porous segments for air distribution along
the CR with descending design, and Case D: additively manufactured porous segments
with ascending design.

Without performing shape optimization for the segmented catalyst layer, a uniform
segmented model is proposed, referred to as design "B." The base case from the
previous section is treated as design "A". Furthermore, segmented coating with
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Figure 6.23: Results of the simulated configurations of CCR, A) Temperature in the gas channel (fuel
section) along the reactor, B) CH4 conversion of CCR, and C) velocity magnitude in the
center-line of fuel channel. The conditions are δcat,com:40 µm, combustion fuel flow
of CH4: 100NmLmin−1 W/Freforming 3 grcat h/molCH4

and Sweep gas of N2:
1000NmLmin−1, Tinlet=673 K, Pret=6 bar, Pperm=1 bar, Air/CH4:10 and S/C=3.

increment design is termed design "C" and an SLM printed fuel distributor with
the ascending design of porous segments is labeled as "D". Figure 6.22 presents
a general overview of these different configurations.

Figure 6.23 presents the simulation outcomes for case A-D. As shown in Figure
6.23 A, the temperature peak within the first 20% of theMR found for base case A
is significantly reduced in cases C and D, followed by case B. The catalyst weight
varies for cases B and C, while Cases A and D have a uniform coating. In case
B, the temperature decreases after the relative axial position of 20%, where the
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MSR starts and continues to decrease until the end of the MR. When comparing
the mass of the CCR catalyst, cases B and C have approximately 50% and 60%
of the catalyst mass compared to cases A and D, respectively. Therefore, in case
B, the heat released by the CCR is insufficient to increase the temperature along
the MR. In case C, because the longer catalyst layers are at the end of the MR,
the temperature increases after the initial drop. This trend is similar to Case D,
where fuel is added incrementally to the CCR channel.

In Figure 6.23 A and B, the temperature profile and CH4 conversion along the MR
for the CCR is shown. Comparing cases B and C with the base case A reveals that
fuel conversions slow down initially and then increase slightly compared to Case
A, reaching similar values by the end of the MR axis. For case D, the conversion
proceeds comparable to case A.

It is also obvious that for case A, that with nearly 10% CH4 in the air, fuel
consumption is rapid as it enters the reactor. This poses a challenge when the
reactor is scaled up, as most of the heat is released at the entrance of the reactor.
Case C exhibits the highest fuel concentration in the bulk flow compared to
Cases A, B, and D. Conversely, Case D shows the lowest concentration, as its
supply to the catalyst chamber is controlled by a porous fuel distributor (for a
2D profile, see Figure 6.24). Higher fuel concentration in the bulk flow leads to
higher reaction rates and, consequently, greater heat generation. Furthermore, a
higher fuel concentration in the bulk flow reduces diffusion limitations, thereby
decreasing reaction inhibition and enhancing combustion performance. Figure
6.23 C shows the gas velocity along the center line of the CCR channel (gas bulk).
The velocity is affected by the temperature and, consequently, the space time of
the reactants in the gas channel.

Figure 6.24 illustrates the performance of the proposed designs in terms of CH4

conversion, H2 recovery, and MR efficiency. It also shows 2D profiles of tem-
perature and CH4 mole fraction. The temperature distribution along and across
the MR is improved in cases C and D compared to case A (based on the standard
deviation of temperature along MR for reforming channel, interface between cat-
alyst layer and bulk flow). Additionally, H2 recovery decreases by about 15% in
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case B compared to case A, possibly due to the average velocity in the reformer-
permeate channels. Comparing cases A-D, it is concluded that cases C and D
have a higher potential for avoiding temperature spikes when running a CCR and
controlling fuel distribution. Notably, under similar operating conditions, case C
uses approximately 60% less catalyst weight than case D, which is a crucial factor
in reactor design.
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Figure 6.24: Results of the simulated configurations of CR, A) Temperature in gas channel (fuel
section) along the reactor, B) CH4 conversion of CR, C) concentration ratio of O2 to
CH4, and D) velocity magnitude in the center-line of fuel channel. The conditions are
δcat,com:40 µm, combustion fuel flow of CH4: 100NmLmin−1 W/Freforming 3
grcat h/molCH4

and Sweep gas of N2: 1000 NmLmin−1, Tinlet=673 K, Pret=6
bar, Pperm=1 bar, Air/CH4:10 and S/C=3.
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6.10 Summary and conclusion

In this chapter, µ-EnH2ancerV 3.0 was presented as a potential solution for
decentralized applications. This new version features a higher surface-to-volume
ratio for the reactor. Based on the designs, it was fabricated and prepared for
testing at IMVT. While the reaction part was successfully tested, attempts to
implement a Pd membrane inside it failed, both with coating and commercial
thin foils. Although smaller MRs used the latter successfully, it failed in this
study. Additionally, a 2D simulation was developed to evaluate the autothermal
performance of µ-EnH2ancer V 3.0. The study found that heat management is
crucial, as increased fuel concentration can cause temperature spikes, potentially
damaging the MR housing. Consequently, an innovative design was suggested to
better control the heat generated by the CCR section.
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7 Additive manufacturing

Additive manufacturing (AM) of metals has attracted significant attention across
various industries. However, its adoption in certain chemical and energy sectors
remains constrained by the absence of optimized alloys tailored for high temper-
atures and corrosive environments. This chapter explores the laser-based powder
bed fusion processing of Crofer 22 APU for the first time to date of this thesis.
Systematic optimization of laser parameters including laser power, hatch distance,
point distance, and building angles was conducted for both dense and porous ob-
jects. Additionally, an 8-YSZ coating applied via screen printing demonstrated
the impact of hatch distance and laser power on surface quality. The combination
of AM of Crofer 22 APU and screen printing of 8-YSZ simplifies the preparation
of metallic supports for Pd-based membranes, reducing fabrication time and cost
by shortening the number of preparation steps. This technique offers a promising
approach for scaling up membranes and membrane reactors.

7.1 State of the art of the porous Crofer
membrane supports

Although laser welding is an efficient technique, its weld seam (see Figure 7.1)
causes problems in subsequent coatings. Xie and Dittmeyer [216] have described
these challenges and proposed a possible solution of an additively manufactured
plate. However, the proof-of-concept part was still made of stainless steel 316L
which is not the optimal choice concerning compatibility with Pd and working at
elevated temperatures e.g. above 500 ◦C. Our recent studies on AM motivated
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Figure 7.1: Cross-sectional view of a composite Pd membrane consisting of porous sinter metal of
Crofer 22 APU, 8YSZ diffusion barrier layer, and Pd layer (selective towards hydrogen)
for hydrogen separation from a gas mixture. More details regarding the Pd coating can be
found in [150].

us to make use of this technique for a practical MR system by developing metal
additive manufacturing process parameters for Crofer 22 APU.

7.2 Additive manufactured permeable
structures

The AM technology of Laser-based Powder Bed Fusion of Metals (PBF-LB/M)
is a mature production process for complex monolithic parts and individualized
designs. The field of process engineering already benefits from these well-known
properties in the form of optimized and compact chemical devices [217–219].
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A literature review found no suitable AM high-temperature alloys for Pd mem-
brane supports. The classification of high-temperature alloys is based on a func-
tionality working in the range of 30% to 70% of the desired alloy’s melting
temperature [220]. Temperature is one of the important parameters to select the
material for a system especially a multi-component system like a MR. Rizzi et al.
[220] present a good review of alloys for high-temperature applications in chem-
ical industries. Nevertheless, none of the commercially available AM materials
for high temperatures are deemed suitable material. The integration of functions
in monolithic additive manufactured parts is a design option. The proposed de-
sign of the membrane reactor plates (see Section 7.5.2 and Figure 7.11) require
a dense, leak-tight frame and backside as well as a permeable surface to support
the membrane coating. The dense/permeable composite is a key feature of the
design. The feasibility of permeable, additive-manufactured material has been
demonstrated for other materials and applications.

Stoffregen et al. [221] distinguish two approaches to produce permeable AM ma-
terial: The creation of an undefined pore structure by choosing process parameters
with a lower energy input or the creation of a geometrically defined structure. Gu
and Shen [222] produced permeable 316L (1.4404) stainless steel by adjusting
the laser process parameters. Yadroitsev et al. [223] demonstrated with stainless
steels 316L and 904L (1.4539) that a geometrically defined approach offers more
control over the size, shape, and distribution of pores. Thin walls with interme-
diate gaps are formed by placing the individual melt tracks on top of each other.
The resulting porosity consists mostly of through pores that contribute to the per-
meability of the material while undesired blind or closed pores are avoided. Blind
and closed pores reduce the strength and fatigue life of a part without contributing
to the permeability. We favor the term permeable material for such material to
distinguish the functional structure from an undesired random porosity.

The permeability of geometrically defined structures is not necessarily isotropic.
The permeable material consists of an arrangement of straight walls made from
stacked melt tracks with open gaps between the walls. The arrangement of
melt tracks in the scan strategy defines the orientation of gaps and therefore the
main direction of flow [224, 225] equipped parts with large permeable areas
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Figure 7.2: Comparison of preparation of planar metal-based membrane support through PBF-LB/M
and tape-casting plus welding techniques.

with a direction of flow in the build direction. He demonstrated the viability of
such permeable structures made from tooling steel Maraging 300 (1.2709) in the
mechanically challenging application of pneumatic ejectors for injection molding
tools. Xie and Dittmeyer [216] developed a scan strategy for large, planar surfaces
with a flow direction perpendicular to the build direction. Later their approach
was extended to tubular parts with a flow radial to the build direction [226].

The most common approach for permeable/dense composite parts is to separate
the parts into individual 3D models for each type of material. Klahn [224] and
Xie et al. [226] demonstrated the feasibility and design opportunities of multiple
types of permeable materials in an integrated part. A suitable parameter set is
assigned to each of the 3D models to achieve different gap sizes, orientations, or
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patterns. Li et al. [227] proposed a similar approach for undefined pore structures
to create a gradient porous structure with different pore sizes.

The stacked melt tracks provide less volume for heat conduction and as heat sinks.
Thus the melt temperature rises and melt volume increases. The increased melt
volume leads to elevated melt tracks. Yasa et al. [228] associates elevated edges
to melt flow and process parameters. Manufacturing permeable material requires
an adaptation of the process parameters of the laser-based powder bed fusion
process. Documented process parameters for permeable material show a decrease
of laser power PL and an increase in scan speed vS to reduce the energy density
of the laser-based powder bed fusion process [216, 222, 224].

7.3 Additive manufacturing of Crofer 22 APU
for dense/permeable composite parts

The membrane reactor requires a high-temperature steel with a thermal expansion
coefficient similar to the one of the ceramic coating. The stainless steel Crofer
22 APU exhibits these properties because it was developed for Solid Oxide Fuel
Cells (SOFC) and Solid Oxide Electrolytic Cells (SOEC) stacks [137]. These
applications require high temperature and corrosion resistance as well as a thermal
expansion coefficient that matches the ceramics typically used in fuel cells.

Crofer 22 APU (1.4760, X1CrTiLa22, ASTM A240) is a ferritic stainless steel.
The composition is listed in Table 7.1. The alloymanufacturer VDMMetals states
that the material may contain other elements for technical reasons [137]. The
analysis of the virgin powder used in this study by the powder supplier Rosswag
shows that the material is within the specifications of the alloy manufacturer,
except for a lower concentration of Lanthanum (La).

Despite the impact on alloy properties due to the reduction in La content during
gas atomization, Crofer 22 APU remains suitable for applications at temperatures
below 900 ◦C. At such elevated temperatures, the volatility of chromium oxide
becomes a concern, and the addition of a minimal amount of La effectively
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Table 7.1: Chemical composition of Crofer 22 APU in [%], min. and max. by specification [137]
and analysis of the virgin powder.

C Cr Fe S Mn Si Ti Cu
Min. [137] 20.0 Bal. 0.30 0.03
Max. [137] 0.03 24.0 0.020 0.80 0.50 0.20 0.50
Analysis <0.01 22.21 Bal. <0.003 0.38 0.02 0.06 0.01

P Al La Mo Ni V W Co
Min. [137] 0.04 n.s. n.s. n.s. n.s. n.s.
Max. [137] 0.050 0.50 0.2 n.s. n.s. n.s. n.s. n.s.
Analysis 0.006 0.013 <0.005 0.02 0.02 0.01 <0.01 0.01

addresses this issue. However, for processes like MSR that operate within a range
frommoderate to relatively high temperatures, Crofer 22 APU remains a favorable
choice. Its ferritic nature and compatibility with Pd in an MSR system make it a
robust and viable selection. The Crofer 22 APU bulk material was gas atomized
into a fine powder with spherical particles. Figure 7.3 depicts the particle size
distribution of the virgin powder.

A parameter study on a DMG Realizer SLM-125 laser-based powder bed fusion
machine identified the parameters in Table 7.3 for the production of dense and
permeable structures. The scan strategy for dense parts is a typical island strategy
with 5mm squares and a variation of the island positions and orientations between
layers. The permeable parts are manufactured by increasing the hatch distance hs

to create a gap between neighboringmelt tracks. Themelt tracks are unidirectional
and parallel to the direction of flow of the membrane reactor. This pattern is
constant across all layers of the permeable section of the membrane part.
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Figure 7.3: Particle size distribution of the Crofer 22 APU powder.

7.3.1 Characterization of dense parts

7.3.1.1 Relative density

To find the optimal parameter for printing a gas-tight part (dense part), a set of
hatching parameters was considered ( illustrated in Table S1). The printed objects
were in the form of cubes with a length of 10mm. After the build job, the samples
were separated from the build plate and rinsed with isopropanol to remove loose
powder particles. They were subjected to polishing treatment before imaging as
follows. To achieve a mirror-polished finish for the printed samples, essential for
analyzing porosity and defects, the ATM SAPHIR 550 polishing machine was
utilized, featuring a holder and a cooling water system. The stepwise polishing
procedure involved the successive use of finer polishing papers: starting with the
number 320, followed by 400, 600, and 1200, each for 2 minutes at a rotation
speed of 300 rpm. Subsequently, an additional 2 minutes of polishing with paper
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number 2500 at a reduced speed of 150 rpm was carried out. In the final stages,
the samples were polished with Dia-COMPLETE poly pastes, first with 3 µm
and then with 1 µm pastes, each for an additional 2 minutes at 150 rpm. This
consistent treatment approach was also applied to polish the cross-sections of the
samples, preparing them for subsequent SEM analysis. All samples underwent
measurement using a single SENSOFAR SNEOX optical profilometer, employing
various techniques for quantitative characterization. Themeasurement techniques
of Imaging Confocal Microscopy were used for whole samples. Consistent condi-
tions weremaintainedwith 10xmagnification at identical Region of Interest (ROI)
locations (at least 3 spots on each sample) for the measuring technique, covering
an area of 1.75x1.32 mm2. Data processing was carried out using SensoSCAN
6.4 software. Initially, non-measured points were computed as a performance
indicator and then reconstructed by interpolation using the "smooth shape calcu-
lated from the neighbors" algorithm. A least-squares plane fitting, implemented
as the F-operator, removed the global form of the surfaces analyzed in the study.
No L-filter (high-pass filter) was applied, preserving all topographic features of
the AM process. A set of topographical parameters from ISO 25178, related to
height (Sq, Ssk, Sku, Sa), spatial (Sal), and hybrid (Sdr) were calculated on the
primary surface.

AMATLAB code was used to determine the potential pore quantity and diameter
on the surface from the images. Briefly, in the quantitative analysis of 3D-
printed samples across diverse research domains using MATLAB, the initial step
involved the conversion of images into a binary format. This conversion required
assigning gray values to pixels within the range of 0 to 255. Consequently, the
binary images exhibited a clear black-and-white contrast, effectively revealing
the internal structure. In this binary representation, pixels with a value of 0
represented black and corresponded to pores, while pixels with a value of 255were
depicted as white, signifying the non-porous area. The binarization process was
executed using MATLAB’s native "Color Thresholder" application. After having
the images, binary images are generated. Further analysis includes calculating
parameters such as image porosity, and pore size distribution were carried out.
The ’size’ function in MATLAB is utilized to identify and extract pixels in the
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binary image. Employing the built-in ’bwarea’ function, the total number of
image points, representing the sum of black and white pixels, can be obtained.
The porosity is calculated based on dividing the black pixels by the whole pixels.
Additionally, to analyze the distribution of pore radius, the ’bwlabel’ function in
MATLAB is utilized (see Figure A.7).

The results showed that the sample with the hatching parameter H08 (Laser
current LC : 2000mA, point distance PD: 35 µm, scan speed vs :1750mms−1)
represents the minimum defects and a relative density of 99.99%.

7.3.1.2 Surface roughness

The surface quality for different orientations and the need for support structures
are also affected by process parameters. In this regard, the surface roughness Sa
depending on the down-facing angles of the objects is characterized on samples
depicted in Figure 7.4 [229]. The design was chosen because it allows the
evaluation of up- and down-facing surfaces in two opposing orientations. The
size of samples allows for measuring at least 5 points on each surface according
to the reference [229]. This set of samples allows the characterization of surfaces
with angles α = 25◦, 35◦, 45◦, 90◦, 135◦, 145◦ and 155◦. The roughness
was measured based on areal average roughness (Sa). By comparing Table 7.2,
Table S1, and also Figure A.10, it is seen that samples with contour parameters
C02 and C03 show lower surface roughness (Lc: 1400mA and PD: 30µm and
40 µm, respectively), compared to the those of other samples except the angle
25◦. Compared to up-facing surfaces 135◦-155◦, the down-facing surfaces are
susceptible to dross formation as the penetration of melt pool into the powder
bed increases causing higher surface roughness. Such a high roughness could be
critical when coating onto a printed reactor wall, as it may hinder the formation
of an even and homogeneous layer. However, defining one set of parameters
that meets the surface quality for all regions of a complex geometry remains a
challenge. Ferchow et al. [230] extended the feasibility of overhanging geometries
by assigning different parameter sets to different regions. They showed that it is
possible to reduce the post-processing efforts. Accordingly, depending on the
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target geometry for a reactor body, sets of parameters can be selected from Table
7.2.

Table 7.2: Arithmetical mean height of the surface Sa of additive manufactured Crofer 22 APU with
a surface angle α to the build plate.

Sample down-facing surfaces up-facing surfaces
25◦ 35◦ 45◦ 90◦ 135◦ 145◦ 155◦

C01 83.86±8.27 49.89±2.22 32.99±2.05 33.76±2.00 37.46±3.51 44.03±2.85 51.68±7.78
C02 61.65±3.80 47.05±2.33 41.27±1.48 26.15±2.57 31.34±2.77 28.98±2.92 34.24±1.85
C03 62.57±6.80 45.74±3.85 41.55±2.06 26.68±1.29 28.43±3.87 30.49±2.94 40.09±1.51
C04 50.82±4.99 49.95±1.84 44.89±4.32 27.11±0.61 43.64±2.56 39.74±4.09 44.96±5.30
C05 106.47±9.18 94.05±5.10 60.56±4.59 14.08±2.22 30.03±5.36 38.35±2.60 44.87±6.83
C06 89.18±4.08 109.32±11.31 78.60±13.17 18.31±0.69 30.62±2.97 41.98±9.33 49.81±5.52

C07.90◦ 114.06±12.84 104.76±15.80 55.58±4.67 13.31±0.56 25.09±5.11 37.90±7.99 43.76±7.50
C08.90◦ 102.10±14.20 88.49±7.48 67.76±10.62 12.42±0.17 33.78±5.56 54.07±8.01 53.23±11.48

Figure 7.4: Sample for the evaluation of surface roughness of AM Crofer 22 APU, (a) Front view
of manufactured test pieces showing all three printed angles 25◦, 35◦ and 45◦, (b)
isometric view of printed test pieces and (c) view of down-facing surface of all test pieces
(the schematic was reprinted with permission from Elsevier) [229].

As a conclusion, Table 7.3 lists the optimal parameters to print dense parts from
Crofer 22 APU. The parameters on Realizer machines are converted into the usual
PBF-LB/M parameters. With these parameters we achieve a relative density of
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99.99% and a surface roughness Sa = 41.27±1.48 at α:45◦) and Sa = 26.15±2.57
at α: 90◦). In the following the permeable section is discussed.

Table 7.3: Process parameters for dense part printing with Crofer 22 APU powder.

Hatch (H08) Contour (C02)
Laser power PL (W) 180 180

Scan speed vs (mms−1) 1750 750
Hatch distance hs (µm) 80 -
Layer thickness s (µm) 50 50

7.3.2 Characterization of permeable parts

After achieving a rather defect-free wall, the next step was the study of the
permeable parts. Eight cubes were manufactured with the parameters S1-S8 in
Table 7.4. They were polished and mounted in epoxy, which is shown in Figure
7.5. This figure shows that, with increasing the hatch distance from 0.12mm to
0.16mm, the porosity based on the surface images, increases by approximately
19% and 14% for a laser current 1000mA and 1200mA, respectively.

In another print job, the samples were printed in a plate shape with dense frames
for a water permeability test. The test was carried out on the as-received samples
using a flow cell system to estimate the superficial velocity versus pressure drop.
The permeability assessment involved utilizing a flow cell system to measure
the pressure loss at various flow rates of water passing through the test sample.
The initial step included polishing the dense part through polishing for better
sealing. Subsequently, sealing through the dense part of the tested sample was
accomplished using rubber sealings. Pressure measurements were conducted
using a Baumer PBSN pressure sensor, which had a range from 0 bar to 2.5 bar

absolute and a standard error of measurement of ± 0.03% FSP.
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Figure 7.5: Top view and cross-sectional view of printed samples with different hatch distances and
laser power (hatch distance 0.12-0.16mm and laser current 1000-1200mA).

The Verdergear VG 1000 basic gear pump controlled the water flow rate, and the
flow rate, which was adjusted within the range of 30% to 80% of the maximum
rating of 4000 rpm, with 10% intervals. The precise determination of each setting
was achieved by measuring the amount of water permeating over 2 minutes.
Before each permeation test, the flow cell system ran for 30 minutes to ensure
stable conditions, including complete wetting of the sample, a constant flow
rate, and pressure loss. Throughout the measurement procedure, the system was
allowed to equilibrate for at least 5 minutes after setting a higher flux before
measuring the corresponding pressure loss. The superficial velocity was then
calculated based on the amount of water permeating within 120 seconds using the
formula specified in Equation 7.1.
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ν =
mH2O

∆t
ρ−1
H2O

A−1
porous (7.1)

where ρH2O =998 kgm−3 and Aporous =2.2 cm2 were used for calculations.
The flow behavior in the porous media is addressed in different ways [231–
234]. Darcy’s Law predicts the flow behavior in porous media, stating that the
pressure gradient is linearly proportional to the fluid velocity. However, this linear
dependency is only valid for low-pressure gradients or small flow velocities [235].
As the flow reaches a turbulent regime, a non-linear dependency of pressure
gradient versus flow velocity is expected. Brinkman’s equation describes the
macroscopic fluid flow for laminar and turbulent regimes as follows:

∆p

L
= µ

v

KD
+ ρ

v2

KF
(7.2)

with the speed v (ms−1), pressure drop ∆p (Pa) through the porous medium,
the permeable part thickness L (m), fluid density ρ (kgm−3) based on the inlet
pressure, Darcy’s KD (m2), and Forchheimer’s terms KF (m). To estimate the
porosity of the additively manufactured samples, porous parts with parameters
S1-S8 were printed in disk shape with a diameter of 22mm and a thickness of
1.1mm. Equation 7.3 was used to estimate the corresponding porosity ϕ for each
sample (see Table 7.2 )

ϕ = 1−

mexp
Vexp

ρCrofer
(7.3)

where mexp denotes the weight of samples measured by a balance (accuracy
0.1mg) and Vexp is the volume of the printed disks. The density is ρCrofer =
7.7 g cm−1 according to the material certificate [137].

Figure 7.6 shows the results of the water permeability for samples S1-S8.
It is observed that the permeability KD increases from 2.77 × 10−12 m2 to
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1.98 × 10−9 m2 for S1 (hatch distance 0.12mm) compared to S4 (hatch dis-
tance 0.16mm). The permeability also changed from 1.55 × 10−12 m2 to
1.57× 10−11 m2 for S5-S8. Comparing S5 to S1, it is found that a laser current
increase from 1000mA to 1200mA lowers KD approximately 44%. These re-
sults confirm the feasibility and permeability for all parameters. The final choice
of a parameter set depends on the ability to screen print a homogeneous layer of
8-YSZ onto the permeable surface.
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Figure 7.6:Water permeability of additively manufactured samples, the effect of hatch distance rang-
ing from 0.12mm to 0.16mm, a: Laser current 1000mA, b: 1200mA.
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7.4 Surface preparation for coating of active
thin layers

Typically, preliminary treatments andmodifications tometallic support are carried
out to enhance the overall quality of the membrane. Beyond standard initial
cleaning procedures, the emphasis in most of thesemodifications lies in improving
layer adhesion, reducing average pore sizes, and smoothing the support surface to
achieve thin and defect-free Pd layers. These treatments can be categorized into
three main types: (i) chemical treatment such as using a corrosive solution, (ii)
physical treatment e.g. polishing, and (iii) incorporation of an intermediate layer.
In this regard, the following, two techniques of heat treatment and ceramic layer
coating (as an intermediate layer) are discussed.

7.4.1 Microstructure of Crofer 22 APU before and after
heat treatment

Annealing the metal leads to the formation of a thin oxide layer that acts as a
protective coating in the reactor. This oxide layer also enhances coating stability
by providing a stable anchor for the coated layer. One sample (sample S5 which
showed the lowest porosity among the samples) was heated up to 800 ◦C for 2 h.
The EDS analysis was conducted on the surface of the porous part. Figure 7.7
shows sample S5 before (denoted as the fresh sample, after printing) and after
annealing treatment. As seen, a layer of around 500 nm to 1000 nm on the outer
surface is formed. Comparing the growth of the oxide layer, which reaches a
maximum of approximately 1mm, with the surface roughness reported for S5
(see Table 7.4), it appears that heat treatment has minimal impact on the surface
roughness. Instead, it seems that the primary role of the formed layer is to act as
a protective layer for the Pd layer. The formed layer shows a triangle structure for
the grains near the surface.
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Figure 7.7: Heat treatment under Air atmosphere for sample S5, at 800 ◦C for 2h.

In the literature, there are several examples of ferritic stainless steels forming two-
layer oxide scales, with particular attention given to SS 430 [236–238]. Alloys
of the Fe-Cr-Mn type exhibit a rapid formation of an initial Cr2O3 layer during
oxidation. Saeki conducted a comprehensive study utilizing a combination of
X-ray photoelectron spectrometry and XRD to characterize the oxides formed on
SS 430 in an O2/N2 environment at 1000 ◦C for up to 20min [236].

Table 7.4: Calculated surface properties of the porous parts (hatch distance 0.12-0.16mm and laser
current 1000-1200mA).

Sample Hatch Distance (mm) Laser current (mA) Porosity ϵ (%) Surface roughness Sa (µm) KD (m2) KF (m)
S1 0.12 1000 33.87 23.70 2.77× 10−12 3.37× 10−8

S2 0.13 1000 35.91 26.04 7.02× 10−12 4.66× 10−8

S3 0.14 1000 41.40 31.06 2.25× 10−11 4.42× 10−8

S4 0.16 1000 55.47 44.96 1.98× 10−9 4.87× 10−8

S5 0.12 1200 28.62 23.30 1.55× 10−12 3.48× 10−8

S6 0.13 1200 31.63 22.17 1.99× 10−12 3.93× 10−8

S7 0.14 1200 34.44 25.50 7.77× 10−12 4.06× 10−8

S8 0.16 1200 44.41 40.91 1.57× 10−11 4.01× 10−8

The investigation disclosed that within the first 15 s to 30 s of oxidation, a single-
phase oxide layer with a corundum structure is evident. Initially resembling
Fe2O3 in chemical composition, this layer rapidly transitions to Cr2O3. After
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30 s of oxidation, an MnCr2O4 spinel phase emerges, coinciding with a shift
in the oxidation state of Mn from +3 (Mn2O3) to +2 (MnCr2O4). The study
showed that the induction period for spinel formation corresponds to the time
taken for Mn2O3 to reach its maximum solubility in Cr2O3 (12-17 wt.%). Once
this threshold is exceeded, theMnCr2O4 spinel nucleates on the surface and grows
through a reaction involving Mn2O3 and Cr2O3 [236, 237]. If this mechanism is
applicable to the formation of the two-phase scale in the Crofer 22 APU samples
under investigation, it suggests that the scale microstructure could be governed
by the initial nucleation rate of chromia. This is since the nucleation rate dictates
the chromia grain size, and grain boundary diffusion of transition metals through
Cr2O3 is significantly faster (3-5 orders of magnitude) than bulk diffusion [239].
Additionally, it has been reported that the grain boundary diffusion of Mn is 1-2
orders of magnitude faster than the grain boundary diffusion of Cr or Fe in Cr2O3

[239, 240]. Magdefrau et al. [241] investigated the annealing treatment of Crofer
22 APU for long-tem (750 h) and also short time (5 h). Based on their results,
the microstructures of the scale in samples oxidized for just 5 h revealed that
the nucleation of Cr2O3 and MnCr2O4 phases during the initial oxidation stages
influenced the ultimate scale microstructures. Larger alloy grain sizes resulted in
lower nucleation rates, larger spinel grains, and enhanced oxidation resistance. It
is deduced from these findings that larger alloy grain sizes in heat-treated samples
diminish the initial supply ofMn to the alloy surface. This, in turn, leaves more Cr
available to form a thicker initial Cr2O3 scale with coarser grains. Consequently,
alloy heat treatment proves to be an effective method for slowing the oxidation of
Crofer 22 APU [241].

7.4.2 Screen Printing Coating

To apply a protective layer to the permeable sections of the additivelymanufactured
plates, the screen printing technique was employed. This method is well-suited for
coating flat structures with varying layer thicknesses, depending on the number
of print jobs. In this study, no pretreatment such as polishing of the AM samples
was performed. A printing paste consisting of ytteria-stablized zirconia (8-YSZ,
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Tosoh co.), Terpineol 98% (Alfa Aesar), dispersant (Hypermer KD1-SO-(AP)),
and ethyl cellulose (viscosity 100 cp, Aldrich) was prepared. After mixing the
ingredients on a heater stirrer, the formed paste was rolled for 30min by three-roll
milling. All print jobs were carried out under consistent conditions for all samples
simultaneously. After screen printing, the printed samples were held in an oven
at 40 ◦C for 2 h. Before each new print job, the deposited weight of the previous
step was recorded. Calcination at 550 ◦C for 2 h with heating rate of 2Kmin−1

was performed after several printing-drying jobs.

7.5 Results of additive manufactured
permeable structures

This section describes the processing of Crofer 22 APU by PBF-LB/M for the
first time. The capabilities of this material are demonstrated by the successful
fabrication of the key elements of a membrane reactor. This target application
requires the characterization of a coating on the permeable AM part.

7.5.1 Results of coated porous parts

Figure 7.8 shows the weight deposition changes versus surface properties of
samples S1-S8. It is seen, with enlarging in hatch distance from samples S1 to
S4 and also from samples S5 to S8, the weight of depositing increases. It might
be justified with the effect of surface roughness and also the volume of paste in
contact with plates that penetrate inside the pores [242].

Sample S4 with maximum hatch distance and minimum laser current compared
to other samples shows the maximum loading of 8-YSZ (73.9 mg), while sample
S5 possesses the lowest deposition (37.5 mg). Given that all screen printer
parameters were kept constant, this variation indicates that the paste primarily
covers the surface levels of the samples after 16 printing steps. The quality of the
coated samples also were analyzed by SEM imaging. Figure 7.9 shows the surface
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Figure 7.8: Deposition weight records versus number of screen printing jobs for printed samples
S1-S8 (hatch distance 0.12mm to 0.16mm and laser current 1000mA to 1200mA).

view of the coated samples after screen printing process. At a magnification of
25×, defects such as uncovered spots were observed in samples S2-S4 and also
S6-S8. These defects are attributed to the surface roughness of these samples.
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Figure 7.9: Surface view of coated samples with 8-YSZwith screen-printing technique (hatch distance
0.12mm to 0.16mm and laser current 1000mA to 1200mA).

Although additional printing jobs could improve coverage and coating on these
samples, it is not advisable due to potential increases in mass transfer resistance
andmechanical instability of the layer. According to the results, sample S5 depicts
a non-defect surface that provides a rather smooth surface for any later coating
such as a Pd-based active layer. Moreover, Figure 7.10 shows the cross-section
view of the samples S1-S8 highlighting the depth of 8-YSZ paste penetration into
the porous support following the screen printing process. It is found that the
penetration depth depends on the porous part structure and the sample S4 depicts
a penetration depth of approximately 30% of the substrate thickness. It was not
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possible to measure the water contact angle (wettability test) for all samples as
they were highly hydrophilic.

Figure 7.10: Top) Cross view of coated samples S1-S8; with magnification 50X, Bottom) The effect
of paste penetration when printing is shown (hatch distance 0.12mm to 0.16mm and
laser current 1000mA to 1200mA).
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The reason why sample S5 was opted as the optimal case for scaling-up and
printing final membrane substrates is the surface quality. Although the more
porous structures like S4 give more permeability, the aim is to coat a defect-free
ceramic layer or later dense Pd layer while the layer thickness should remain as
thin as possible.

7.5.2 Integration of AM parts into a MR system

As shown in Figure 7.2, instead of welding the porous part to the dense part, AM
of an integrated design in one job is proposed. The membrane support on one side
is in contact with reforming channels, while the other side is faced with permeate
channels. These plates are piled up together and welded later one by one through
a pre-defined weld path.

After optimization of the PBF-LB/M process and successfully coating a DBL on
samples, the final geometry was additively manufactured and coated by screen
printing. To reduce the laser-welding steps for assembling the plates, the mem-
brane support, the micro-structured permeate plate, and the two interface plates
are produced in one job. This saves time and costs while reducing the complexity
of supply chain and assembly. Figure 7.11 indicates the merged plates.
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7 Additive manufacturing

Figure 7.11: One-go printing of integrated plates of an MR with PBF-LB/M technique (No. 4-9);
printing the composite plates of porous-dense (No. 11), thickness of 3 mm.

Moreover, by AM of the plate (No. 11 instead of No. 5-9), the final cell (including
whole plates) undergoes not only less thermal stress when laser welding but also
might be produced in thinner thickness (plate No. 11 saves up to 2 mm in
thickness). The idea of such a planner structure allows for the scale-up of the
system through the number of stacks, while the ratio of the surface area of the
membrane to the volume of the system remains high.
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7.5.3 Using permeable parts for mixing air-fuel in
microreactors

Figure 7.12 illustrates a comparison highlighting a novel application of AM for a
CCR reactor. The comparison between design A (using conventional manufactur-
ing techniques like chemical etching and laser cutting) and design B demonstrates
the flexibility of AM in reactor design. A simulation was conducted, revealing
the benefits of AM in heat management over an MR system (see Section 6.9).

Figure 7.12: An ultra-compact planar catalytic reactor composed of catalytic plates designed for CCR.

Figure 7.13 shows a few show-cases for process intensification, especially for
high-temperature processes.
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Figure 7.13: Additively manufactured Crofer 22 APU parts for a high-temperature reaction like cat-
alytic combustion ; (a) special design for air distribution to avoid the hot spot formation,
(b) design for distributing air along the catalyst bed (fuel channel) to distribute the heat
along the reactor channel, (c) micro-packed bed with porous pillars (for air diffusion) for
catalyst loading.

As shown in Figure 7.13, the plates printed for a catalytic combustor can be de-
signed and optimized freely depending on the process requirement. Convention-
ally in the literature, segmentation of the catalyst beds (for a catalytic combustor)
or air distribution are reported [243, 244]. However, with the aid of AM, the
design can come with more flexibility and novelty to increase the overall reactor
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efficiency. Moreover, for packed bed systems, Figure 7.13 C, the gases can pen-
etrate the catalyst bed in different directions as the pillars on the plate are porous
and are connected to the other side of the plate.
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7 Additive manufacturing

7.6 Summary and conclusion

For the first time, the process parameters were developed for processing Crofer 22
APU using laser-based powder bed fusion. The capabilities of additively manu-
factured Crofer 22 APUwere demonstrated on a metallic Pd membrane support as
part of a membrane reformer for high-temperature applications. Through system-
atic parameter optimization, composite substrates comprising dense and porous
structures were developed. Variations in hatch distance and laser power were used
to evaluate the porosity and permeability of the substrates. A protective layer of
8-YSZ was coated on the samples and analyzed. Additionally, objects built with
different up-facing and down-facing angles of printing were examined. The in-
tegrated design simplifies assembly, reduces the number of welding operations,
and allows for a thinner membrane reformer. The combination of screen printing
coating and additively manufactured Crofer 22 APU reduces fabrication costs and
time for membrane reactor plates, facilitating industrial scaling-up. The positive
results of this study demonstrate the potential use of additively manufactured Cro-
fer 22APUnot only as amembrane support but also for other reactor designs. This
high-temperature, corrosion-resistant material expands opportunities in terms of
operating conditions and design perspectives in chemical process engineering.
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8.1 Summary

This work focused on the development of the third generation of ultra-compact
membrane reformers for hydrogen production and separation at IMVT. The pri-
mary objective of this system is to deliver H2 to end-users in decentralized ap-
plications through a modular and compact design that is easy to scale up while
achieving high efficiency in product purity and energy usage and reducing the CO2

footprint by eliminating the need for large supply plants. Chapter 4 discusses two
techniques based on plasma spraying for depositing thin layers of Pd. Despite the
advantages of this rapid coating method and its reduced chemical waste compared
to conventional Pd coating techniques, the results indicated that the produced
Pd layers were not fully selective for H2. Consequently, commercially available
self-supported thin Pd foils were chosen for integration into the MR. These foils
were incorporated into the reactor using a laser welding technique. Systematic
optimization of the welding parameters for the alloy Crofer 22 APU (the hous-
ing of the MR and substrate for the Pd membrane) was carried out using both
continuous and pulsed wave techniques. The welding parameters were precisely
adjusted to ensure a leak-tight integration between the membrane and its support,
using microstructured foils. A key challenge was optimizing the energy input
to achieve a secure bond without evaporating the thin Pd foil or deforming the
entire assembly. However, for the prototype-scale reactor, which had a larger Pd
substrate area, the integration and assembly process faced difficulties, as air gaps
between the substrate and the Pd foils were not fully eliminated.
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In Chapter 5, two sets of highly active catalysts based on novel metals were
synthesized and characterized for the MSR and CCR processes. This chapter also
describes the optimization of the screen printing technique used for coating these
catalysts, allowing for a fast and reproducible application method. The coated
layers were tested in microstructured reactors on a lab scale and characterized.

The prototype of the MR was designed and fabricated based on insights gained
from previous versions at IMVT. In this generation, Crofer 22 APU was used for
theMR construction, providing excellent compatibility between the Pdmembrane
and substrate, with similar low thermal expansion coefficients. The µ-EnH2cer
V 3.0 was tested without a membrane due to the lack of suitable techniques
during the research period. A detailed 2D model was developed to simulate the
performance of µ-EnH2cer V 3.0 for further evaluation of the MR in autothermal
mode.

To address challenges such as reducing the number of plates used in µ-EnH2cer
V 3.0, eliminating curved surfaces between porous and dense regions of the Pd
support, and minimizing laser welding steps, advanced additive manufacturing
techniques were employed. Simulation results indicated that temperature uni-
formity could be improved by either segmenting the catalyst in the CCR and
applying a screen printing technique or by 3D printing the porous components for
better fuel distribution along the CCR channel, which is feasible using additive
manufacturing with Crofer 22 APU.
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8.2 Outlook

Due to time constraints in this research, several ideas are proposed for future
work:

• Re-optimization of the MR for scalability: In the current version, it is
suggested to integrate the Pd substrate as the outer component of a cell,
with assembly occurring as the final welding step, reducing stress during
preparation and assembly.

• Alternative coating methods: since a successful coating technique was
not developed in this research, and considering the challenges associated
with handling commercially available defect-free thin Pd foils, exploring
alternative coating methods to achieve thin layers is necessary.

• Electrified or hybrid MR systems: a hybrid MR that combines electrical
heating with CCR is proposed for applications where a constant electricity
supply is feasible, as it can reduce the CO2 footprint and offer faster start-up
times.

• Additive manufacturing of the entire MR: while it may be challenging to
use this method for coating the catalyst and Pd membrane, it is possible
to reduce the components to three parts, significantly decreasing assembly
time and cost.

• Development of a full 3D simulation model: further refinement of the MR
simulation to a comprehensive 3D model could allow for the simulation
of different cells with periodic boundary conditions, enabling more precise
calculations of MR efficiency.

As a final remark on H2 production for decentralized applications through steam
reforming of NG using a membrane reformer, it is worth noting that other tech-
nologies, such as water electrolysis powered by renewable energies (assuming the
cost of renewable energies becomes more affordable), have gained more popular-
ity compared to the beginning of this study. Additionally, significant challenges
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remain, such as the implementation of thin and stable Pd-based membranes for
scaled-up membrane reformers. However, the development of compact mod-
ular reactors, which can enhance mass and heat transfer, and their associated
challenges—such as flexible design, ease of manufacturing, sealing, and mechan-
ical and thermal stability—remain general topics in process engineering. These
techniques might also be applicable to other processes, such as ammonia (NH3)
cracking for decentralized applications.

This thesis brings the message that process intensification of autothermal mem-
brane/ reformers can be further addressed by conducting research on new designs,
fully automated reactor manufacturing, and eliminating intermediate assembly
procedures and techniques.
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A.1 Equilibrium composition calculation

It is possible to determine the equilibrium methane conversion, which is repre-
sented as Xeq

CH4
, and the equilibrium mole fraction of methane, yeqCH4

, using the
equilibrium constants for the MSR reaction 2.1 and the WGS reaction 2.2. The
equilibrium constants are found in [30, 31] as follows:

Keq,1 =
y3H2

yCO

yCH4
yH2O

P 2
t =

n3
H2

nCO

nCH4
nH2O

P 2
t = exp[30.114− 26830

T
]bar2 (A.1)

Keq,2 =
yH2

yCO2

yCOyH2O
=

nH2
nCO2

nCOnH2O
= exp[−4.036 +

4400

T
] (A.2)

In the given equation, Pt refers to the total pressure in bar, T represents the
temperature (K), and y and n refer to the mole fraction and mole number of gas
species, respectively. If a reformer is operated under constant total pressure and
S/C ratio, the equilibrium composition can differ in various locations depending
on the temperature. To determine the equilibrium composition, it is assumed
that a reactor initially contains 1 mole of methane and SC moles of water vapor.
The reactor is assumed to undergo MSR and WGS reactions, with r1 and r2

moles of reactants participating, respectively. The initial changed, and final mole
numbers of gas species can be organized in tabular form as follows [245, 246]:
The equilibrium constraints stated in equations A.1 and A.2 must be met by the
final composition, which gives rise to a series of nonlinear algebraic equations
expressed as:
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Table A.1: Composition changes of reactions for a basis of 1 mole of CH4 and SC as the steam to
methane ratio for SR and WGS

Gas species Initial Changed Final
CH4 1 −r1 1− r1

H2O SC −r1− r2 SC − r1− r2

H2 0 3r1 + r2 3r1 + r2

CO 0 r1− r2 r1− r2

CO2 0 r2 r2

TotalMoles 1 + SC 2r1 1 + SC + 2r1

f1(r1, r2) = 0 : Keq,1(1−r1)(SC−r1−r2)(1+SC+2r1)2−P 2
t (3r1+r2)3(r1−r2) = 0

(A.3)

f2(r1, r2) = 0 : Keq,2(r1− r2)(SC − r1− r2)− (3r1 + r2)(r2) = 0 (A.4)

these equations can be solved numerically through e.g. a multivariable Newton-
Raphson method or via the fsolve solver in MATLAB using the "trust-region-
dogleg algorithm". The initial guesses are generated randomly by MATLAB in
the range of 0 < ri,0 < 1, and it is solved when the tolerance ζ is less than
1e−6. After calculating the values for equations A.3 and A.4, the equilibrium
level of methane conversion,Xeq

CH4
, and the mole fraction of methane, yeqCH4

, can
be computed.

Xeq
CH4

= r1 (A.5)

yeqCH4
=

1− r1
1 + SC + 2r1

(A.6)
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A.2 Membrane

This graph shows the good compatibility of the Crofer 22 APU, Pd, and 8-YSZ
for a composite membrane operating at moderate to elevated temperatures.

Figure A.1: Thermal expansion coefficients of different components of a composite pd membrane.

The following figure shows the lab-scale adapter for testing small plate Pd mem-
branes (composite membranes or foil-based modules).
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Figure A.2:Membrane adaptor sketch for gas test of the synthesized Pd membrane for lab test.
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A.3 Catalyst characterization techniques and
test reactor sketch

A.3.1 Electron Probe Microanalyzer

An electron probe microanalyzer (EPMA) with field emission-cathode JXA-
8530F was employed to investigate the quality of the microstructured channels,
and also catalyst layers, and elemental maps of the materials were detected by
WDS (wavelength dispersive spectroscopy). The coated layers were characterized
by a top-surface view and a cross-section view. The latter was carried out in this
way first of all, the samples were cut in the middle and then mounted into epoxy
and finally polished to a shiny level. As the last step, the prepared samples were
coated with a conductive carbon layer by evaporation deposition technique with
heated carbon filament.

A.3.2 Transmission Electron Microscopy

A Transmission Electron Microscopy (TEM) analysis was performed for the syn-
thesized Pt/Pd nano-particles on the Al2O3 support by dispersing a small amount
of each powder in alcohol and then briefly treating it in an ultrasonic bath to
obtain a good distribution of the powder particles. Then, by using an ultrasonic
generator, a drop of the dispersion was nebulized onto a 3-mm-diameter copper
TEM support mesh (Ted Pella, Inc., Item No. 01824) covered with a Lacey car-
bon film and, in addition, an ultra-thin carbon film (approximately 3 nm thick).
TEM analyses were performed on a 200 kV FEI Tecnai Osiris microscope. The
microscope has a thermally assisted field emission cathode (Schottky emitter)
as an electron source. With the TEM Osiris, a point resolution of 0.24 nm can
be achieved in high-resolution TEM imaging (HRTEM) at 200 kV accelerating
voltage. The minimum probe diameter of the focused electron beam is 0.18 nm,
and this value also determines the maximum achievable resolution of scanning
transmission electron microscopy (STEM) imaging. They were recorded with a
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bright-field detector and with a ring-shaped dark-field detector for electrons scat-
tered at wide angles (High-Angle Annular Dark Field - HAADF). The microscope
is also equipped with a ChemiSTEM system including four silicon drift detectors
(SDD) from Bruker, which allows chemical analysis by energy-dispersive X-ray
spectroscopy (EDXS). TEM images were registered by a 2k × 2k CCD camera
(Gatan UltraScan 1000 P), and the image acquisition time for TEM bright-field
images was typically 1 sec to 2 sec. The digital micro-graph program (Gatan)
was used for image acquisition. The size, shape, and distribution of both the
metallic nanoparticles and the Al2O3 support particles were characterized us-
ing conventional TEM bright-field imaging and STEM imaging. An example
of the structural nature of the material was also performed using HRTEM. For
the analysis of the chemical composition and elemental distribution, the method
combination STEM/EDXS was used. For this purpose, two-dimensional point-
by-point spectra showing the qualitative elemental distribution were accumulated
in the so-called Hypermap mode of the Bruker EDXS system. The measurement
time was typically 10 to 25 min, and a possible drift of the sample area was
automatically corrected by cross-correlation of reference images. The achievable
lateral resolution is down to 1 nm.

A.3.3 Physi- and Chemisorption

Physisorption was carried out with a 3Flex Series 3058 instrument from Micro-
metrics. The adsorption isotherm at 77 K for the catalyst support using the BET
(Brunauer-Emmett-Teller) method can be expressed as [247]:

P/P0

a.(1− P/P0)
=

1

am.c
+

c− 1

c.am
.
P

P0
(A.7)

where the coefficient a quantifies the molar amount of adsorbate, while am
represents the molar amount of an adsorbed monolayer. The dimensionless BET
constant c describes the relationship between the adsorption energy of the first
layer and the interaction between the adsorbate and adsorbent. In this case, the
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coefficient a was determined through experimental measurement using a 5-point
BET method.

a =
am

1/P/P0
(A.8)

The specific geometric surface area of the catalyst support can then be calculated
using the following equation:

SBET =
am.NA.S0

mcat
(A.9)

Themass of the catalyst, denoted asmcat, was determined using twomethods: (1)
directly with powdered samples. The specific surface area of the catalyst denoted
as S0, was determined using N2 adsorption measurements. The evaluation of
pore size and pore size distribution was carried out using two different methods.
The Dubinin-Radushkevich (DR) method was used for micropores, which are
defined as pores with sizes less than 2 nm, while the Barret-Joyner-Halenda
(BJH) method was used for mesopores, which are pores with sizes ranging from
2 nm to 50 nm. The DR method establishes a correlation between log(W ) and
log2(p/p0), resulting in a linearized isotherm based on the principles ofmicropore
filling.

W = W0.exp(−B.(
T

β
)2.log2(p/p0)) (A.10)

In Equation A.3.3, W represents the total volume of the liquid adsorbate, W0

represents the total volume of the micropores, B is a constant specific to the
adsorbent, and b is a constant specific to the adsorbate. Extrapolation of Equation
A.3.3 provides an estimate for the volume of the micropores, denoted as W0.
The presence of mesopores and the calculation of pore size distribution can be
determined from hysteresis in adsorption isotherms. The BJH method uses a
modified Kelvin equation to estimate the actual radius of a pore rp, which is the
sum of the Kelvin radius of a pore rk and the thickness of the adsorbed film t:

rp = rk + t (A.11)
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The Kelvin equation provides a prediction of the pressure at which the adsorbate
will undergo spontaneous condensation (and evaporation) in cylindrical pores
with a specified size. The Rh dispersion was assessed using H2 chemisorption on
the same samples.

Rh/Pd-Pt dispersion in the catalysts was determined using pulse chemisorption of
H2 on an automatic analyzer (Micromeritics 3FLEX). A certain amount of sample
was loaded in a reactor and reduced in pure H2 30mLmin−1 at 400 ◦ C for 1 h.
After reduction, the samples were purged with Ar (30mLmin−1) at the same
temperature for 1 h and then cooled down to 30 ◦ C. Then, precise 1mL pulses
of a mixture of 10 vol.% of H2 in Ar were injected into the reactor at 4-minute
intervals. The Rh dispersion was calculated from the cumulative volume of H2

adsorbed from all the pulses, and the Rh loading was determined by ICP-AES
assuming an adsorption stoichiometry of H:Rh = 1:1 [248]. In order to calculate
the dispersion of any noble metal into the catalyst the following relationship with
assuming all particles in a spherical form has been considered [249]:

D = 6
νm/am

d
(A.12)

the variables in this equation are the volume occupied by an atom in the bulk
metal (νm), the area occupied by a surface atom (am), and the particle diameter
(d). For Rhodium (Rh), the νm and am are 13.78 Å³ and 7.58 Å², respectively
[249].

A.3.4 Rheometry

Examining the rheological properties and thixotropy of screen printing pastes is
crucial for ensuring the uniformity of applied layers. For characteristics of the
pastes, a rotating disk rheometer (Rheostress 1, Thermo Scientific, Haake, cone
geometry C60/1 ◦ with a diameter of 60mm and an angle of 1 ◦) at a temperature
of 25 ◦C was used. The paste was positioned between the holder and the cone
with a side angle of 1 ◦. A shear stress linear ramp ranging from 0.1 Pa to 1200
Pa was applied, and the resulting shear rate was recorded to generate a flow plot.
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Thixotropic behavior was determined by measuring paste viscosity at various
shear rates through a step function (0.1 sec−1 → 100 sec−1 → 0.1 sec−1).

A.3.5 Profilometer

The layer thickness of the coated catalysts and also the surface roughness of
the catalyst channels are estimated and mapped with a 3D optical profilometer
(S-Neox, Sensofar) based on a light beam reflection from the object surface.

A.3.6 Inductively coupled plasma atomic emission
spectroscopy

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used
to determine the elemental composition of the synthesized catalysts for CCR
reaction. ICP-AES usually provides good detection limits and a wide linear range
for most elements. The elements of Pd and Pt were determined by ICP-AES
spectroscopy (iCAP 7600 DUO von Thermofisher Scientific). About 30 – 40 mg
of the samples (accuracy ± 0.05 mg) was dissolved in 4 ml hydrochloric acid, 4 ml
sulfuric acid, and 2ml hydrogen peroxide at 523K for 6 h in the pressure digestion
vessel DAB-2 (Berghof). The analysis of the elements was accomplished with
four different calibration solutions and an internal standard (Sc). The range of the
calibration solutions did not exceed a decade. Three wavelengths of the elements
have been used for calculation.

A.3.7 X-ray diffraction

X-ray diffraction (XRD) measurements were carried out for the co-planner (out
of the plane, OP) orientation on a Bruker D8 Advance equipped with a position
sensitive detector (PSD) Lynxeye in θ− θ geometry, variable divergence slit, and
2.3◦ Soller-slit on the secondary side was used. The XRD data was acquired with
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Cu Kα1, 2-radiation (λ=0.154 018 nm). in order to determine the crystalline
size, the Sherrer equation is described as follows:

d =
kλ

β cos θ
(A.13)

Where d, k, λ, β, and θ are themean size of crystalline, dimensionless shape factor,
X-ray wavelength, line broadening at half the maximum intensity (FWHM), and
Bragg angle, respectively.

212



A.3 Catalyst characterization techniques and test reactor sketch

A.3.8 Test reactor sketch

Figure A.3: Testing of coated catalysts of CCR for activity test in 3D-printed housing (holder) which
is adjustable for small catalytic plates. The reactor is made of stainless steel 1.4435
suitable for testing up to 500 ◦C and 10 bar.
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A.4 Autothermal membrane reformer

As part of the modeling procedure, mesh dependence is checked to select the
optimal mesh size, ensuring high accuracy and low computation time.

Figure A.4: Cell independence test for simulation of MR (Case A), see Section 6.6.2.

Evaluation of the performance of the modeled autothermal MR in this study, with
variations in catalyst thickness and CH4 flow rate in the CCR section.
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Figure A.5: Results of the simulation for a non-isothermal MR by changing flow rate of CH4 and
thickness of coating in CCR. The conditions are W/Freforming 1.80 grcath/mol
and Sweep gas of N2: 500NmLmin−1, Tinlet=673 K, Pret=1.5 bar, Pperm=1 bar,
Air/CH4:10 and S/C=3.

215



A Appendix

Table A.2: Results of the simulation for a non-isothermal MR by changing flow rate of CH4 and
thickness of coating in CCR. The conditions are W/Freforming 1.80 grcath/mol
and Sweep gas of N2: 500NmLmin−1, Tinlet=673 K, Pret=1.5 bar, Pperm=1 bar,
Air/CH4:10 and S/C=3.

CH4in,CCR δcat,CCR XCH4,CCR XCH4,MSR ϕH2 Std. T DaPe ηMR CH4in,CCR/CH4out,MSR

(NmLmin−1) (µm) (-) (-) (-) (K) (-) (-) (-)

60 10 0.21 0.15 0.50 8.55 0.98 0.06 0.55
60 40 0.76 0.44 0.62 32.75 0.94 0.14 0.84
60 100 0.89 0.77 0.42 29.57 0.86 0.18 2.01
80 10 0.16 0.15 0.50 8.23 0.99 0.06 0.74
80 40 0.81 0.58 0.64 42.74 0.81 0.17 1.50
80 100 0.89 0.94 0.45 39.86 0.74 0.20 9.83
100 10 0.14 0.15 0.50 8.00 0.99 0.06 0.93
100 40 0.84 0.72 0.63 49.22 0.67 0.19 2.81
100 100 0.89 1.00 0.52 59.05 0.59 0.21 261
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Table A.3: CH4 conversion and H2 recovery, MR efficiency, and DaPe number. The conditions are
δcat,com:40µm, combustion fuel flow of CH4: 100NmLmin−1 W/Freforming 1.80
grcath/mol and Sweep gas of N2: 100-1000NmLmin−1, Tinlet=673 K, Pret=1.5-6
bar, Pperm=1 bar, Air/CH4:10 and S/C=3.

P N2in,sweep CH4in,MSR XCH4,CCR XCH4,MSR CH4in,CCR/CH4out,MSR ϕH2
ηMR DaPe Std. T

(bar) (NmLmin−1) (NmLmin−1) (-) (-) (-) (-) (-) (-) (-)

1.5 100 75 0.90 0.90 13.06 0.43 0.12 0.41 48.15
1.5 100 125 0.82 0.63 2.09 0.34 0.10 0.31 42.88
1.5 100 250 0.58 0.27 0.55 0.19 0.04 0.28 32.52
3 100 75 0.92 1.00 742.66 0.52 0.16 0.28 75.94
3 100 125 0.89 0.83 4.75 0.31 0.12 0.31 55.84
3 100 250 0.83 0.49 0.79 0.18 0.06 0.30 43.90
6 100 75 0.96 1.00 61102.00 0.74 0.20 0.15 106.54
6 100 125 0.95 0.90 8.14 0.42 0.16 0.21 83.33
6 100 250 0.94 0.57 0.93 0.23 0.09 0.24 69.44
1.5 500 75 0.89 1.00 276.92 0.75 0.21 0.96 44.65
1.5 500 125 0.84 0.72 2.81 0.63 0.19 0.67 49.22
1.5 500 250 0.58 0.30 0.57 0.43 0.08 0.48 34.55
3 500 75 0.90 1.00 141220.00 0.81 0.23 0.36 88.00
3 500 125 0.88 0.92 9.43 0.49 0.19 0.40 57.39
3 500 250 0.82 0.54 0.87 0.31 0.11 0.37 41.33
6 500 75 0.96 1.00 1780600.00 0.93 0.25 0.17 116.91
6 500 125 0.95 0.97 24.17 0.58 0.23 0.24 88.34
6 500 250 0.93 0.61 1.05 0.34 0.13 0.27 70.38
1.5 1000 75 0.87 1.00 2912.50 0.86 0.25 1.24 42.11
1.5 1000 125 0.84 0.77 3.44 0.72 0.22 0.89 50.60
1.5 1000 250 0.57 0.31 0.58 0.52 0.10 0.59 35.48
3 1000 75 0.90 1.00 716350.00 0.88 0.26 0.39 91.11
3 1000 125 0.88 0.94 12.94 0.55 0.23 0.43 58.14
3 1000 250 0.82 0.55 0.90 0.36 0.13 0.39 40.29
6 1000 75 0.96 1.00 3185800.00 0.96 0.26 0.17 119.21
6 1000 125 0.94 0.98 39.05 0.64 0.25 0.25 90.07
6 1000 250 0.92 0.63 1.08 0.38 0.15 0.28 70.50

A.5 Additive manufacturing

Supplementary information for the AM Study of Crofer 22 APU.
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Figure A.6: Top view and cross-section view of printed samples with different hatch distances and
laser power; dense/porous part connection on the edges (hatch distance 0.12-0.16mm
and laser current 1000-1200mA).
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Figure A.7: Gas-tight wall parameter optimization for a PBF-LB/M object.
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Figure A.8: Contour plot of the porosity dependency on hatch distance and laser current for porous
part in this study (hatch distance 0.12-0.16mm and laser current 1000-1200mA).

Figure A.9: Contour plot of the porous part surface roughness dependency on hatch distance and laser
current in this study (hatch distance 0.12-0.16mm and laser current 1000-1200mA).
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Table S1: Overview of the PBF-LB/M parameters. All objects were printed with hatch distance of
0.08mm and layer thickness of 50µm. The parameters are shown in the Table as; Laser
current LC , point distance PD , exposure time PS , scan speed vs, and volumetric energy
density EL.

Hatch Contour
Sample LC (mA) PD (µm) PS (µs) vS (mms−1) EL (Jmm−3) LC (mA) PD (µm) PS (µs)
C01 2000 35 20 - - 1000 30 20
C02 2000 35 20 - - 1400 30 20
C03 2000 35 20 - - 1400 40 20
C04 2000 35 20 - - 1800 40 20
C05 2000 35 20 - - 1800 15 20
C06 2000 35 20 - - 1400 10 20

C07-90◦ 2000 35 20 - - 1800 15 20
C08-90◦ 2000 35 20 - - 1400 10 20
H01 1800 30 20 1.50 30.00 1400 15 20
H02 1800 30 20 1.50 30.00 1800 15 20
H03 1800 30 20 1.50 30.00 1400 10 20
H04 1900 35 20 1.75 27.14 1400 15 20
H05 1900 35 20 1.75 27.14 1800 15 20
H06 1900 35 20 1.75 27.14 1400 10 20
H07 2000 35 20 1.75 28.58 1400 15 20
H08 2000 35 20 1.75 28.58 1800 15 20
H09 2000 35 20 1.75 28.58 1400 10 20
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A Appendix

Figure A.10: The line energy effect on the surface roughness (Sa) for different down-facing/up-facing
angles. The line energy is calculated based on the power per scan speed (see Table S1).
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