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Abstract: The European FP7 project HycycleS focuses on providing
detailed solutions for the design of specific key components for sulphur-based
thermochemical cycles for hydrogen production. The key components
necessary for the high temperature part of those processes, the thermal
decomposition of H,SOy, are a compact heat exchanger for SO; decomposition
for operation by solar and nuclear heat, a receiver-reactor for solar H,SO,
decomposition, and membranes as product separator and as promoter of the
SO; decomposition. Silicon carbide has been identified as the preferred
construction material. Its stability is tested at high temperature and in a highly
corrosive atmosphere. Another focus is catalyst materials for the reduction of
SOs. Requirement specifications were set up as basis for design and sizing of
the intended prototypes. Rigs for corrosion tests, catalyst tests and selectivity of
separation membranes have been designed, built and completed. Prototypes of
the mentioned components have been designed and tested.

Keywords: sulphur; catalyst; silicon carbide; membranes; thermochemical
cycle.
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1 Introduction

HycycleS is a cooperation of nine European partners and includes also non-European
partners which are international players in that area. The project aims at the qualification
and enhancement of materials and components for key steps of solar and nuclear
powered thermo-chemical cycles for hydrogen generation from water. Therefore the
project brings together expects from nuclear, from solar, and from material research. The
focus of HycycleS is the decomposition of sulphuric acid which is the central step of the
sulphur-based family of those processes, especially the hybrid sulphur cycle (HyS)
(Brecher et al., 1976) and the sulphur-iodine cycle (S-I) (Norman et al., 1982). Emphasis
is put on materials and components for sulphuric acid evaporation, decomposition, and
sulphur dioxide separation. The suitability of materials and the reliability of the
components is shown in practice by decomposing sulphuric acid and separating its
decomposition products in scalable prototypes.

HycycleS concentrates on providing detailed solutions for the design of specific key
components. The key components necessary for the high temperature part of the process
and the ones targeted are a compact heat exchanger for SO; decomposition suitable for
operation by solar and nuclear heat, a receiver-reactor for solar H,SO, evaporation and
SO; decomposition, and an oxygen separator for SO, and O, as product separator and as
promoter of the SO; decomposition.

Among all the possible candidates of materials facing these chemicals at high
temperature, silicon carbide (SiC) appears the most suitable for multiple applications. It
should be able to function both at high temperature and in a highly corrosive atmosphere
for use in a solar absorber or as plates in a heat exchanger. A sufficient reaction rate for
the high temperature splitting of sulphur trioxide is also crucial for the sulphuric acid
decomposition. This only can be ensured by the use of dedicated catalyst systems. These
have to match the main requirements being a high catalytic activity, high stability and
immobility of catalyst materials under the harsh conditions applied, and an acceptable
price. HycycleS works on advanced solutions for those requirements on the basis of
previous results, e.g., of the EU FP6 project HYTHEC (http://www.hythec.org).

The final aim is to bring thermo-chemical water splitting closer to realisation by
improving the efficiency, stability, practicability, and costs of the key components
involved and by elaborating detailed engineering solutions.

2 Construction materials and catalysts

2.1 Construction materials

The relevant materials for decomposition of H,SO, should maintain appropriate
properties for the chemical reaction at temperatures higher than 850°C. The material must
be corrosion resistant and should exhibit high fracture and creep strength. In the case of
heat exchangers they need to be gas-tight. The material must be capable of working in a
temperature range of 800°C to 1,000°C for solar operation, perhaps even higher. It has to
maintain almost full mechanical strength in this temperature range. The material must be
cheap and should be preferably be able to be fabricated in netshape or honeycomb design.
It must allow for catalyst or corrosion resistance coating. The material should be
thermo-shock resistant due to thermal gradients. Promising material candidates for the
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decomposition section include nickel-based alloys, HT ferrous steels, as well as carbon
and SiC composites (disregarding very expensive noble metals). Studies in the US and
Japan (Terada et al., 2006; Lewinsohn et al., 2006; Wong et al., 2007) identified the SiC
family as one of the most promising candidates for this application. The SiC family
obviously obtains its corrosion stability through the formation of a stable silica layer.
Indeed, its exceptional thermal conductivity (170 W/m*K at room temperature), its
refractory nature (stable up to 1,600°C under air) and its resistance to corrosive
environment make this material a favoured candidate for high temperature heat
exchangers. There are different types of SiC that can be classified by their different
fabrication processes, e.g., sintered SiC without any additives, compressed SiC at high
temperature, and SiC formed by chemical reaction. Today the most practical SiC is the
sintered SiC without additives. SiC pieces can be made by pressing in a matrix, by
extrusion at hot temperatures (for tubes), by casting with injection (small pieces with
complex geometry). Very large SiC pieces are formed by machining of pre-designed
pieces obtained by cold isostatic compression.

In the European project HYTHEC SiC was selected as the material of choice for a
solar absorber being at the same time the decomposer for H,SO, in a receiver-reactor
(Le Duigou et al., 2007). This is due to the combination of the above mentioned chemical
resistance and thermo-mechanical properties plus its excellent optical properties (high
absorptivity for radiation). Beyond that HYTHEC detected a significant catalytic activity
of siliconised SiC with regard to the decomposition of sulphur trioxide (Noglik et al.,
2007). Based on these results HycycleS will focus on different types of materials of the
SiC family, as well as their brazed joints. By a systematic analysis of the long-term
stability in representative corrosive environments the suitability of this material system
for use in the heat-exchange/decomposer and the solar heated receiver-reactors is being
determined. Moreover, the suitability will be demonstrated by fabricating the described
components as prototypes using this material and by testing them under realistic
conditions.

The first year of the project began with a review on potential construction materials
for the targeted key components of sulphur-based thermo-chemical cycles. As a
consequence of this review HycycleS main development route will be based on ceramic
materials from the SiC family — for the solar absorbers of the planned receiver reactor as
well as for the plates of the planned compact heat exchanger. Base materials for
separation membranes will be YSZ. The first phase of the long term exposure of samples
to corrosive environments pertinent to various sections of heat-exchange/decomposer
and/or solar receiver decomposer has already been carried out in test rigs like the ones
depicted in Figure 1 and Figure 2. So far, the materials and samples seem promising in
terms of withstanding the conditions in terms of their general corrosion resistance and
their ability to maintain a sufficient degree of high temperature mechanical strength over
a substantial period of time.

General Atomics has screened construction materials that are applicable in
concentrated phosphoric acid which is one of the corrosive acids used in the extractive
distillation process of the S-1. Both coupon and stress corrosion specimens were tested in
concentrated boiling phosphoric acid (85-96 wt%) between 190°C and 230°C. The work
was carried out under the support of the US DOE Nuclear Hydrogen Initiative. Results
from long term screening of coupon samples showed that only SiC-based materials and
Ta-based alloys have acceptable corrosion rate of less than 5 mpy. Hastelloy B2, C276,
CuNi C706, mullite, alumina and Ag alloys all showed high corrosion rates in this
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chemical environment. Preliminary testing of Ta-W c-ring stress corrosion specimens
showed cracks developing in some of them. Conditions for crack initiation and
propagation are being explored and further stress corrosion testing is planned.
Furthermore, the corrosion characteristics of SiSiC in boiling concentrated phosphoric
acid are also being investigated.

Figure 1 Photograph of experimental setup for the corrosion studies at Joint Research Center
Petten (SO; reduction) (see online version for colours)

Figure 2 Scheme of experimental setup for the corrosion studies at German Aerospace Center
(evaporation of H,SO,) (see online version for colours)
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2.2 Catalysts

To achieve a higher efficiency of the splitting reaction of SO; into SO, at temperatures of
about 750°C-900°C different catalyst-substrate combinations have been investigated,
mainly using noble metals or transition metal oxides (Jung et al., 2006; Barbarossa et al.,
2004, 2005, 2006; Brutti et al., 2006; O’Keefe et al., 1980; Ginosar et al., 2007). The
activity of the catalyst in most cases increases with the BET area, but the stability
decreases. Typically the catalysts were dispersed as nanoparticles on the surface of
various ceramic substrates (SiO,, TiO,, Al,O3). During long-term testing using catalysts
like Pt, Pd, Pt/Ru, Pt/Rh a deactivation of the catalyst was observed in combination with
a significant change in particle size. Migration of catalyst was identified as a main reason
for the deactivation. Since the decomposition process provides an extremely harsh
environment for catalyst stability, highly active long-term catalysts have not yet been
identified. Novel approaches involve studies of mixed metal oxides which promise to be
more stable at high temperatures. A Korean group proposes metal oxides with spinel
structures which appear to be one of the most promising options today (Jung et al., 2006).

The use of porous ceramics and plate heat exchangers made of SiC means this
material may well be suitable as a substrate. HYTHEC has already shown that it is
feasible to coat such material with noble metal and iron oxide catalysts exhibiting high
and stable activity throughout experimental campaigns (Le Duigou et al., 2007).

HycycleS will build on these results as a starting point to develop and qualify a
catalyst-substrate assembly with a high and long-lasting activity. With its broad
experience on testing and qualifying different catalyst systems, ENEA will be identifying
the most suitable starting point for investigation. Their most recent investigation
identified a high potential of the low-cost option of using iron oxide-based materials.
Special emphasis is put on the immobilisation of the catalyst though advanced coating
techniques. The consortium will make use of the preliminary success with the coating
techniques previously applied in HYTHEC. Beyond that HycycleS will combine the
Korean results on very stable and active metal oxide spinel catalyst with the results from
the EU FP5 project HYDROSOL. APTL and DLR have shown the feasibility of using
those for the high-temperature splitting of water. SiC honeycombs coated by this type of
material enabled the hydrogen production for several hours and cycles without significant
degradation (Roeb et al., 2006). Suitable coating techniques enabling such stable systems
have already been developed and qualified in HYDROSOL by the partner APTL.

In terms of HycycleS experimental studies, a preliminary evaluation of the catalytic
activity of various candidate materials was performed. These materials were tested in the
form of powders and include commercial iron oxides (i.e., FeO, Fe;O4 and Fe,0;), an
‘in-house’ prepared iron oxide, y-AlL,O;, a Fe-Al mixed oxide prepared by the
self-propagating high-temperature synthesis (SHS) technique as well as commercial CuO.
In addition, a ‘blank’ experiment (untreated y-Al,O3) was performed while the catalytic
activity of SiSiC was also measured, as this is considered the most suitable catalyst
substrate for such an application.

The experiments were conducted with the aid of a customised test rig utilising
concentrated (94%—-98%) sulphuric acid. The reaction conditions were 850°C and
atmospheric pressure while catalyst loading was 0.5 gr. The Weight Hourly Space
Velocity (WHSYV), on the basis of liquid H,SO, feed flow, was 52h ;. Each experiment
lasted for approximately 45 min.
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The calculated conversion for the ‘blank’ experiment was < 3% while SiSiC yielded a
steady state conversion of approx. 5%. More details regarding the rather interesting
transient behaviour of SiSiC is provided below (see Figure 3). The catalytic activity of
the materials examined follows the order of: CuO > Fe,O3 = Fe-Al-O > Fe;04 = ‘inhouse’
FeO > FeO > y-ALOs. In most of the cases, analysis of spent samples by XRD combined
with their thermogravimetric analysis (TGA) under air revealed the presence of sulphate
species, which provides strong indication that the reaction proceeds via the general
scheme of:

MO + SO, — MSO, — MO + S0, +0.50,

Another interesting post-analysis observation is related to the significant loss of all
samples initial BET surface area. This is attributed either to sintering or to phase changes
related to the ‘extreme’ reaction environment. Additionally, y-Al,O; and Fe-Al-O seem to
have undergone aluminium leaching. More specifically, XRD analysis of spent Fe-Al-O
revealed that aluminium content was significantly lower while the mass comparison of
fresh and spent y-Al,O3 and Fe-Al-O samples revealed a weight loss of spent ones. In
Table 1 a summary of changes observed in the samples after their exposure to reaction
conditions is provided.

Table 1 Catalysts properties before and after exposure to reaction conditions
BET inm’/gr  BET in m*/gr Phases Phases
Sample (fresh (spent identified in identified in Comment
sample) sample) fresh sample  spent sample
v-ALO; 179 117 v-AL O3 v-AlL,O; and Aluminium
aluminium leaching
sulphate observed
species
FeO 1.54 <0.2 FeO Fe,05 and Sulphates
iron sulphate were
species detected by
both XRD
and TGA
(>5% wt
content)
‘In-house’ 0.92 <0.4 FeO, Fe;0,4 Fe,O5 and
FeO and Fe iron sulphate
species
Fe;04 1.47 0.98 Fe;0, Fe,O5 and Sulphates
iron sulphate were
species detected by
TGA only
(<5% wt
content)
F3203 5.79 2.38 F6203 F6203
Fe-Al-O 17.70 491 Fe-Al mixed Fe,O5 and Aluminium
oxide, Fe,O3, iron sulphate leaching
Fe;0,, Fe species observed
and A1203

CuO 0.50 <0.20 CuO CuO + Cu,O
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In terms of current activities, more materials (including SHS-synthesised Cu-Fe,
Cu-Fe-Al and Fe-Cr mixed oxides) are currently under investigation in an attempt to
further improve catalytic activity. The next step will be the coating of most active
materials in SiSiC monoliths in order to collaboratively perform kinetic studies and
examine their long-term stability under reaction conditions. A first series of tests were
carried out to investigate the catalytic activity of a special SiSiC powder, as shown in
Figure 3. After about ten minutes the system reached a stationary outlet composition,
with three analysis methods giving approximately the same results, i.e., about 6%—8%
SO; conversion.

It is noticeable that initial SO, yield measured by using a Bunsen trap reaches quite
high values, but rapidly decreases, while the O, production rate is still low. A possible
explanation of this behaviour is the interaction of SiSiC powder with the SO; in gas
mixture at the high operating temperatures (900°C), so that SiSiC gets passivated in the
first phase of the tests, thereby acting as a ‘getter’ for the oxygen when reacting with SO;.
The consequence would be that SO, is formed in this period, which can be analysed by
titration of the solution in the Bunsen trap, whereas the accompanying O, reacts with
SiSiC and can’t be detected by GC or oxygen sensor.

The powder material was analysed before and after testing by SEM and EDS analysis.
Beside some visible morphological changes like the presence of a more porous and
heterogeneous structure, EDS analysis confirmed the presence of regions with higher
oxygen concentration, possibly due to oxidation of the precursor material. However, the
low conversion values obtained indicate that this specific SiSiC support material has
negligible activity on the SO; decomposition at 900°C. The investigation will proceed
with the comparison of SiSiC material from different suppliers.

Figure 3 SOj;conversion obtained with SiSiC powder (see online version for colours)
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3 H,SO, decomposers

Different concepts to bring in heat into an endothermic chemical process like the
decomposition of sulphuric acid have been discussed and comparatively evaluated in past
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by different groups (Gelbard et al., 2005; General Atomics, 1985; Connolly et al., 2007).
Those concepts differ with respect to the way of coupling the chemical process to the
energy source. For a nuclear heat source, only certain kinds of heat exchangers are in
principle suitable for that process step. A solar heat source offers a broader variety of
options. In some solar concepts the radiation is directly absorbed by the reactants. In
other concepts radiation is absorbed by a surface or wall and transformed into thermal
energy, which is transferred by heat conduction to a container with the reactants behind
that wall. Other concepts make use of inert heat transfer media which are heated in a
receiver and transport the heat to the reactants — directly by mixing or via heat
exchangers (tube-and-shell or compact) (Beghi, 1986).

The choice of decomposer concept affects the process design crucially. The project
HYTHEC identified two concepts as the most promising for the high temperature
decomposition of sulphuric acid: heat exchanger reactor and receiver-reactor. Only the
heat-exchanger reactor is possible for a nuclear powered process, whereas a solar
powered process can be operated by both technology options.

Table 2 Characteristics of different decomposer technologies
Heat exchanger reactor Volumetric receiver reactor
Heat source  Nuclear or concentrated solar Only concentrated solar
temperature  State-of-art: < 900°C due to limitations of Up to 1,200°C has been
metallic materials; higher T possible by ceramic ~ shown possible
HX
pressure high, typically more than eight bar 1-10 bar possible; typically
close to 1 bar
medium 1 Helium, air... Only H,SO, and
2 H,S0O, and decomposition products decomposition products
advantages separation of heat collection and chemical High achievable reaction
process temperature = high yields
= Easy controllability of the process Less energy conversion steps
= High efficiency of the
decomposition section
Proximity to conventional and mature Ambient pressure possible
technology of heat exchangers = ‘soft’ requirements

regarding pressure resistance
and tightness

Ambient pressure possible
= high yield

HYTHEC proved in practice that the concept of a porous absorber reactor as
receiver-reactors for solar decomposition of sulphuric acid is feasible (Noglik et al.,
2009). Scenarios for scaling up those reactors and the technology have been developed
and appear promising. The potential is comparable to the other more independent concept
which concerns the use of heat transfer fluids and heat exchanger reactors. Both concepts
are worthy of further scrutiny, especially by examining their feasibility in a relevant pilot
scale. Characteristics of the two reactor concepts are summarised in Table 2.
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3.1 Compact heat exchanger as SO3; decomposer

Three different design options for a SiC plate heat exchanger have been taken into
consideration concerning on the one hand the hot (heat transfer fluid) side and the
reaction side of the decomposer on the other hand:

a awavy pattern on the hot side, dedicated to enhance heat transfer
b alarge channel, filled with a fixed bed of catalyst, on the reaction side

¢ amultiple adiabatic reactor, which separates regions for heat transfer and reactive
zones.

From a design point of view, all three concepts are very attractive and will be retained to
design and prepare a prototype. However, the plan is first to fabricate small mock-ups for
the validation of key aspects of fabrication and process performance, and for the
validation of thermal-hydraulic performance.

The multiple adiabatic reactor is regarded as a promising option since it enables the
decomposition reaction to be carried out close to the temperature of the coolant and
therefore maintain sufficient reaction rates. The reaction mixture alternately passes
through catalysts filled reactive zones and heat transfer zones. The endothermic SO;
reduction causes a decrease of fluid temperature. The temperature rises again after heat
transfer from the heat transfer fluid providing a saw-tooth-like progression of the
temperature as shown in Figure 4. Beyond that the multi adiabatic reactor design allows
much easier replacement of catalyst in case of deactivation.

Figure 4 Temperature distribution within the plate reactor (multiple adiabatic bed reactor)
(see online version for colours)
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Figure 5 Steps of plate heat exchanger manufacturing (see online version for colours)
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While the multiple adiabatic reactor concept seems the most promising for the
decomposer, building and testing of an elementary mock-up is not planned as it can not
be readily scaled down to manufacture suitable prototype.

At this first step, the limiting process step is most probably the sealing at all
junctions — whether fixed or removable for catalyst regeneration. The current activities
concentrate on this aspect by studying two different joining techniques, based on
different brazing alloys and brazing processes. Thus, mock-ups of design concept a) and
b) are being manufactured by the partners CEA and Boostec applying the mentioned
techniques. This way allows focusing on the greatest technological challenge. The
individual steps involved in fabricating the prototype are depicted in Figure 5.

3.2 Solar receiver-reactors as H,SO,; decomposer

A prototype receiver-reactor for solar decomposition of sulphuric acid has been designed
and simulated and will be subsequently tested in DLR’s solar furnace in cologne to prove
the feasibility of the concept, to investigate the process behaviour, and to refine available
experimental data for design studies and for process simulation. The development of a
multi-chamber reactor (Figure 6) is of central interest in order to separately examine the
vaporisation and SO; reduction processes. The core parts of both chambers are porous
SiC ceramics serving on the one hand as absorbers for concentrated solar radiation and on
the other hand as reactive zone. One chamber contains a ceramic foam which is wetted by
sulphuric acid. Heat is transferred from the hot surface of the foam to the liquid to
vaporise it and to provide the feed for the second chamber. This second chamber contains
a ceramic honeycomb structure (optionally) coated by a catalyst and heated to
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temperature above 800°C by concentrated sunlight to enable the reduction of SO;. This
setup allows the independent optimisation of the two process steps.

Figure 6 Design of the solar two-chamber H,SO,4 decomposer (see online version for colours)
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Figure 7 Thermal stresses simulated by FEM (Pa) (see online version for colours)
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The thermo-structural integrity of the planned reactor has been evaluated and predicted
by FEM-modelling to enable the finalisation and proof of the design. The temperatures of
all components are within the tolerated range of the materials, while the reactor’s thermal
behaviour assures good temperature distribution and heat transfer. From the structural
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point of view no high stresses or deformations were foreseen (Figure7) and the model has
proved that the stress levels for each component is below their allowable limits and that
the deformations can be absorbed without problems. The reactor design has proved to be
consistent with the requested conditions on steady state operation.

The results of the simulation were also used to complete the final design, which is
finished now being the starting-point of the construction. Experiments in the solar
furnace and continuing simulations will go hand in hand to converge in the optimal
values for the parameters such as focal plane location, range of solar power, ceramic
foam and honeycomb dimensions and characteristics. Eventually, this interplay between
experiment and simulation will assist in achieving a better understanding of the whole
chemical process.

Due to its importance the absorber structure as a core part of the receiver-reactor has
been analysed in depth. In the case of the evaporator this absorber is a so-called reticulate
porous ceramic (RPC). The ceramic foam is directly exposed to concentrated solar
energy and serves as the radiation absorber and heat transfer medium to the reacting fluid
for the evaporation and thermal decomposition of H,SO,. Accurate knowledge of its
effective heat/mass transport properties is crucial for process simulation and subsequent
optimisation regarding the design and operation of the solar reactor. The structure and
dimensions of the porous ceramic must enable efficient evaporation while avoiding
reduced heat transfer at the Leidenfrost point. Computer tomography (CT) in conjunction
with numerical techniques have been used to determine the morphological characteristics
and the effective heat/mass transfer properties of the foam, such as extinction coefficient,
scattering function, thermal conductivity, interfacial heat transfer coefficient,
permeability, Dupuit-Forchheimer coefficient, tortuosity and residence time distributions,
and dispersion tensor. CT combined with numerical techniques enables accurate
determination of the effective foam properties since the complex structure is accurately
incorporated in the calculations. The effective conductivity of the foam as a function of
the intrinsic solid/fluid conductivities is shown in Figure 8 and compared to models
approximating the effective conductivity in a serial or parallel slab material with the same
porosity € as the foam (k.: effective conductivity, k: conductivity of the fluid, &:
conductivity of the solid). It exemplary demonstrates the importance of the material’s
morphology on the effective material properties.

CSIRO have considerable experience in the design and operation of tubular
reformers, originally developed for the solar driven steam reforming of methane. The
reactor concept features a tube in tube design where the inner tube transports the initially
cool feed stream to the high temperature reaction zone, which sits in a cavity irradiated
by concentrated solar energy (see Figure 9). The reforming reaction is conducted in a
catalyst packed bed in the annulus between the inner and outer tubes. The counter current
flow enables heat exchange between the hot and cold fluid streams to improve heat
integration of the process. One of the activities to be conducted in HycycleS will be to
determine if this reactor concept is suitable for the decomposition of H,SO4. CSIRO
intends to develop a CFD model of the methane reforming reactor in FLUENT, which
can then be used to examine the behaviour of the H,SO, system.
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Figure 8 Effective thermal conductivity of the foam and of parallel and serial slabs at £ = 0.91
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Figure 9 Indirectly irradiated tubular reactor at CSIRO in Newcastle, Australia (see online
version for colours)
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Tubular reactors rated for up to 20 bar and 950°C are currently available from projects on
solar steam reforming of methane. These reactors need to be assessed to determine if they
are also suitable for SO; decomposition. CSIRO operates several potential test beds for
the reactor including a 30 kW electric furnace and (up to) 500 kW heliostat field as
possible heat sources. Experimental work with volumetric and tubular receiver-reactors
may be included in a common study evaluating the feasibility of the technology at a
commercial scale. CSIRO has also been conducting process simulations of the HyS
process to examine some of the process integration issues, and in a related study is
assessing the reaction mechanisms and especially the role of the catalyst in the
electrolytic oxidation of SO, in H,SO,.

Figure 10  Overall schematic of Westinghouse composite reactor
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Figure 11  Detail of individual Westinghouse composite operation tube
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3.3 Westinghouse sulphuric acid recuperative decomposition reactor design

The Westinghouse decomposition reactor design is a top-fed, multi-step reactor that
preheats, concentrates, and decomposes sulphuric acid. The reactor will operate under
moderate pressure differentials (< 0.3 MPa) between the heated gas and liquid sides. SiC
is utilised for the high temperature and heat transfer portions of the reactor and Teflon
lined metal in the low temperature distribution headers of the reactor. All seals are
located in low temperature portions of the reactor, allowing for the use of Teflon or a
similar material. A general schematic of the composite reactor is shown in Figure 10. The
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design allows for relatively low cost construction by using carbon or stainless steel for
the pressure boundary of the vessel.

The decomposition tubes consist of a ceramic bayonet tube with an inside ceramic
support tube, as shown in Figure 11. The bayonet tubes are contained in a vessel with
internal insulation and structured packing to facilitate heat transfer from the helium to the
bayonet tube.

Inside the bayonet tube, a double-walled insulated ceramic support tube sits on the
bottom of the bayonet tube and supports a ceramic liquid catch ring with sloped sides and
a hole in the middle. A ceramic gas distribution plate then sits on top of the liquid catch
ring, which in turn supports ceramic packing material. On top of the packing material is a
set of ceramic gas riser tubes filled with packing. At the bottom of the bayonet tube,
ceramic packing material sits in the annulus between the bayonet and support tubes and
supports a catalyst to be used in the decomposition reaction. The entire assembly is made
of SiC, and is handled as a single unit. The primary advantages to the Westinghouse
design lay in its amenability to assembly, inspection, and maintenance as well as the
requirement for only one seal location. Additionally, the seal is not under a hydrostatic
head that could result in a H,SO, leak into the helium side.

4 Product separation

The development of a high temperature oxygen separation membrane is a challenging
objective which has the capacity to enable radical change in the decomposition reactor.
This could come about either by reducing hold up and increasing yield, thereby making
one of the most vulnerable and expensive high pressure components much smaller, or by
lowering the maximum temperature of the process, thereby making it accessible to a
wider range of heat sources. Oak Ridge National Laboratory have performed some
preliminary work, reported in Forsberg (2003) and Forsberg et al. (2004). Their work was
at lower temperatures with porous membranes. The present approach builds on the
extensive international work that has been undertaken to develop solid oxide fuel cell
(SOFC) membranes and uses dense membranes, such as doped yttria stabilised zirconia
(YSZ) and lanthanum strontium manganate (LSM), which are only capable of conducting
oxygen at very high temperature (Marazou et al., 2006; Badwal and Ciacchi, 2001). So
far these materials havenot been tested under highly sulphating conditions although initial
work performed has demonstrated that significant resistance to membrane degradation is
probable. An oxygen separator unit using these principles has been considered by Dyer et
al. (2000), working only on pure air at temperature up to 730°C.

The method carried out in the project HycycleS for study of this separation will be
dense oxygen transport membranes. This type of membrane, made from novel and
complex ceramics, is currently being researched worldwide for use in SOFCs. The
material properties are such that the membrane conducts only oxide ions and hence
should exhibit a high separation factor for oxygen over the other components present in
the process. This may enable a high purity oxygen stream to be produced without the
need for a further oxygen separation step or a significant reduction of the needed splitting
temperature.

A review of high temperature oxygen separation membrane materials, identified from
previous work on fuel cells, has been undertaken. Very little data can be found in the
literature on the resistance of these materials to the sulphuric acid decomposition
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products at the relevant process conditions. Two types of dense oxygen transport
membrane material were identified as potential candidates:

e mixed ionic/electronic conductors (MIECs)
e clectrically driven membranes.

MIECs are good conductors of both oxide ions and electrons. There is no external
electron conduction path and oxygen transport is in the direction of high to low oxygen
partial pressure, whilst electrons travel in the opposite direction. Potential MIEC
materials include lanthanum silicates, lanthanum strontium manganites and ceria-based
materials, although this list is not exhaustive. These MIEC materials are often doped with
metals such as magnesium, manganese, strontium, gadolinium and aluminium in order to
improve the properties for a given application.

In contrast, electrically driven dense membranes conduct oxygen ions when heated,
but conduct electrons poorly. In order for the membrane to function, an external electron
conduction path must be provided. This requirement is used to good effect in SOFCs in
order to extract electrical power from an electrochemical cell using a membrane of this
type as the electrolyte. Zirconia and YSZ are examples of ion conducting membranes.

Calculations were performed using HSC Chemistry to evaluate the process stability
of candidate materials identified in the review. An example of the calculations is shown
in Figure 12. Yttria and zirconia were both calculated to be stable in the temperature
range of interest, except for zirconia at < 750°C and 20 bar. Because of this, YSZ is
considered to be a good candidate material and is being investigated further. Based on the
results of the equilibrium calculations, the majority of the metal oxides identified by the
literature review are not suitable for use with a sulphuric acid thermal decomposition
process.

Experimental stability and permeation testing of the membranes is carried out using a
high temperature membrane cell held within a furnace. A photo of the experimental setup
is shown in Figure 13.

The experimental program has recently started and focuses on oxygen permeability
and its stability under relevant conditions.

Figure 12 An example of metal oxide/sulphate equilibrium calculated by HSC chemistry
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Figure 13  Experimental setup for high temperature membrane testing (see online version
for colours)
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5 Techno-economics

Previous studies have shown that one of the main drivers for the investment costs of a
hydrogen production plant is the component cost mainly based on the compulsory choice
of very expensive materials (Gilardi et al., 2006). In the majority of cases these are the
only ones which are able to withstand the extreme conditions of the sulphur-based
thermochemical cycles. Alternatives of materials and component designs will be assessed
in the plant evaluation.

HycycleS evaluates the impact of the key alternatives concerning the choice of
materials, manufacturability, reliability etc. on investment cost and on the production cost
of hydrogen. An analysis will be carried out to assess the critical aspects regarding
component costs, reliability, maintenance that most strongly influence the hydrogen
production cost.

At the moment, a general calculation method and a procedure of assessing the process
have been agreed and a spreadsheet to collect all the necessary ‘technical’ input is already
available. In the second part of the project the techno-economic model will be finalised
and the model will be defined in detail. The results will be obtained after data for
investment, operation and maintenance and also decommissioning have been determined.
The basis of the plant layout and costing are the process flow sheets developed by DLR
(solar coupling) and the CEA (nuclear coupling) and results concerning material choice
and components’ performance will be based on the experimental work carried out in
HycycleS.
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6 Summary

The project HycycleS started early 2008. It has a core team of nine European partners and
is additionally linked to activities currently conducted in the USA, Japan, and Australia.
Therefore key partners from those countries are involved to ensure coordination of
activities and information exchange with respect to sulphur-based cycles in the different
continents as well as the definition of potential interfaces. Beyond that, HycycleS
activities are strongly linked with international initiatives on hydrogen production to
mutually benefit from different experiences.

The first year of the project started with a review on potential construction
materials for the targeted key components of sulphur-based thermo-chemical cycles
and on possible and promising catalyst/substrate combinations for the catalytic high
temperature reduction of SO; as one of the crucial steps of the process.

As a consequence of this review, the main development route for HycycleS is based
on ceramic materials from the SiC family — for both the solar absorbers of the planned
receiver reactor as also for the plates of the planned compact heat exchanger. Base
materials for oxygen separation membranes will be YSZ.

Requirement specifications were set up as a basis for design and sizing of the
intended prototypes and mock-ups. Test rigs for different purposes — corrosion tests,
catalyst development, catalyst stability tests, selectivity of separation membranes — have
been designed, built and completed. Prototypes have been designed.

Next steps will concentrate on the refinement of component and material testing and
of catalyst screening and in particular on the construction and testing of prototypes.
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