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Abstract

Palladium (Pd) membranes are a promising enabling technology for power generation and hydrogen production with CO,
capture. SINTEF has developed and patented a flexible technology to produce Pd-alloy membranes that significantly improves
flux and thereby reduces material costs. Reinertsen AS and SINTEF aim to demonstrate the Pd membrane technology for H,
separation on a side stream of the Statoil Methanol Plant at Tjeldbergodden, Norway. In the present article, we present the
upscaling of the membrane manufacturing process, together with the membrane module and skid design and construction.
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1. Introduction

Dense Pd-based H,-selective membrane technology is a very promising technology to reduce CO, emissions in
the power and energy-intensive industrial sectors. Integrated in a combined power cycle, this membrane technology
enables the efficient conversion of fossil fuel in large-scale power and hydrogen production with efficient capture of
CO, [1-5]. In a natural gas fuelled pre-combustion decarbonisation (PCDC) cycle, the membranes can either be
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integrated in the steam reforming (SR) or water-gas-shift process (WGS). From techno-economic assessments,
however, it is favorable with respect to cost of CO, avoided/captured to integrate the membrane separation with the
WGS process [6]. A main reason for this lies in the limited partial pressure of hydrogen in the steam reforming
process at high pressure, resulting in a low driving force for the separation of hydrogen and consequently a high
required membrane surface area. Furthermore, WGS reactors allow for lower membrane operation temperatures
benefiting membrane stability, and a broader application range that also includes synthesis gas from gasification of
coal and biomass. For natural gas, process design studies show that the membrane SR (M-SR) and the membrane
WGS (M-WGS) process cycles have power generation efficiencies of 46.2% and 47.1%, respectively [7]. Even
though the membrane technology is able to capture virtually 100% of CO,, both cycles have been designed to
operate at 92% capture due to economic benefits. Compared to competing carbon capture technologies, including
chemical looping, sorbent and solvent-based processes, the M-WGS process has the highest efficiency and lowest
CO, capture and avoidance cost potential [6, 8-11]. Fig. 1 illustrates the natural gas fuelled pre-combustion
decarbonisation (PCDC) cycle with integrated M-WGS separation.
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Fig. 1. Simplified system schematic of a natural gas fired power plant with an integrated membrane WGS reactor (M-WGS) for CO, capture.

Natural gas, mixed with steam and oxygen from an air separation unit (ASU), is fed to an autothermal reformer
(ATR). The resulting syngas is fed to the M-WGS process. The sweep gas consists of compressed nitrogen from the
ASU and/or steam enhancing the H, permeation through the membrane. The remaining stream contains mainly CO,,
steam and some non-recovered H,. Subsequent condensation of the steam leaves concentrated CO, at high pressure,
reducing the compression energy for transport and storage. The membrane technology is also relevant for the
production of hydrogen as a decarbonised fuel for many applications, such as boilers, furnaces, engines and fuel
cells. Currently, Tokyo Gas has demonstrated the world’s largest scale Pd membrane natural gas reformer with a
rated H, production capacity of 40 Nm*/h (150 kWy,) and very high hydrogen production efficiency (HHV) of 81.4%
[12]. In parallel with the process integration studies, large experimental efforts have tremendously progressed this
technology forward, which is now positively perceived by industrial actors for scale-up and demonstration [3, 13].

SINTEF has developed and patented a flexible technology to produce Pd-alloy membranes with thickness down
to 1-2 pum that significantly improves flux and thereby reduces material and capital costs. Differently from the
common direct deposition onto the support, a so-called two-step process is employed [14, 15]. In the first step a thin
defect-free Pd-alloy film is prepared by magnetron sputtering deposition onto a “perfect surface’ of a silicon wafer.
In a second step the film is removed from the wafer and subsequently used self-supported or integrated with various
supports of different pore size, geometry and size [16]. Currently, Reinertsen AS and SINTEF are involved in a
GASSNOVA project aiming to demonstrate the membrane technology for H, separation on a side stream of the
Statoil Methanol Plant at Tjeldbergodden, Norway. In the present article, we present the upscaling of the SINTEF
two-stage Pd-alloy membrane manufacturing process that is currently on-going.
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2. Membrane fabrication
2.1. Upscaling of Pd-alloy film deposition

Previous lab-scale sputtering to produce unsupported Pd-alloy membrane films using a CVC 601 magnetron
sputtering system applied silicon single crystal substrates with size 4" and 6" as sacrificial substrate [17]. In the
current upscaling effort we use a newly installed semi-industrial magnetron sputtering system (BVE3F system, Thin
Film Equipment (TFE), Italy), Fig. 2, that allows for the deposition of Pd-alloy films with size 55x30 cm? The
silicon substrates were replaced by glass substrates to allow for the larger size. The typical thickness applied in the
current work of around 4 um was obtained after a sputtering deposition time of approximately 3 h for the Pd-23%Ag
alloy used as membrane film.

Fig. 2. TFE BVES3F magnetron sputtering system allowing for an up-scaled fabrication of Pd-alloy film.
2.2. Membrane manufacturing

In lab-scale membrane manufacturing, small strips of the Pd-alloy film were removed manually from the Si-
substrate and wrapped along a tubular porous stainless steel membrane support in a helix-like manner. This
production method has no limitation in terms of membrane length as subsequent films wrapped around the tubes are
sealed by interdiffusion in the overlapping regions of the film [18]. Alternatively, larger rectangular sheets of free-
standing Pd film are wrapped once around the tubular support with some overlap. This decreases the total length of
overlap region per membrane length, and decreases the probability for leakage paths in the membrane. For upscaled
production, free-standing films of 50 cm were wrapped on tubular porous 316L stainless steel supports. Sealing at
the end-connectors was obtained by physical clamping. For this a semi-automated machine for film delamination
and application on the membrane support was developed. The Pd-alloy film was typically wound 1.5 times around
the porous tubular support to allow enough area for bonding between the first and second film layers. This results in
an effective Pd membrane thickness of approximately 6 pm. The active membrane area available for permeation
equals ~359 cm? per membrane. With the two-stage production method, thinner membrane films can be obtained,
and down to 1-2 um have conventionally been prepared on smaller scale [19, 20].

2.3. Membrane performance verification

The tubular-supported Pd-alloy membranes were tested in a unit designed and constructed for high-pressure
membrane performance testing of up to 18 membranes simultaneously (~0.65 m? active membrane area). The
membranes were placed inside a 316L stainless steel module (inside diameter 25 cm, Fig. 3), which was placed in a
large vertical split furnace (Entech, Sweden) with a heated length of 80 cm. Automated mass flow controllers
(Bronkhorst High-Tech) were used to control the gas supply of N, (5.0) and H, (5.5) to the membrane module. The
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pressure was controlled with the help of a back pressure controller (Bronkhorst High-Tech). No active sweep was
applied on the inside of the membrane tubes. When heating up the module, the module was kept in a N, atmosphere
until 300°C was reached, then H, was introduced. A system of VICI stream selectors (Valco Instruments Co., Inc.,
USA) was used to monitor the performance of individual membranes. The flux of the respective gaseous
components was calculated from the measured absolute permeate flow and the permeate composition measured by a
micro GC (Agilent 490, USA). As this unit is limited in terms of feed flow rate per membrane area applied (50
L-min™ for a total area of 0.65 m?), it was primarily used to assess the membrane quality in terms of a low leakage.
In addition, we have operated shorter membrane samples (typically ~150 cm? active membrane area) in a separate
unit employing feed flow rates representative for real conditions (absolute flow up to 10 L-min™, which equal feed
flow rates up to 50 Nm*-m?2.h™).

Fig. 3. Placement of membranes while lowering into the high pressure stainless steel module.
3. Results and discussion
3.1. Pd-alloy film preparation

Fig. 4 shows a Pd-23%Ag films deposited on 4" and 6" silicon wafers and on a 55x30 cm? glass substrate,
respectively. The films that were sputtered on glass have a similar microstructure as the ones deposited on silicon
wafers. Films of 55x30 cm? size produced in clean room to avoid detrimental effect of dust particles were easily
delaminated from the glass. Under this conditions, Pd-alloy films were routinely produced with most films showing
no detectable holes when shining light through from the backside on a light table.

Fig. 4. Photograph showing a Pd-23%Ag film applied on 4" and 6" silicon wafers and a 55x30 cm? glass substrate.
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3.2. Membrane preparation

Fig. 5 shows a selection of membranes prepared. As seen in the figure, virtually all produced membranes had
some wrinkles at parts of the membrane due to the challenge of winding the rectangular film evenly and tightly onto
the support. It was found necessary to use straightened tubular supports for the membranes as slightly bent supports
gave more wrinkling. Further improvements of the production method is in progress to reduce the amount of
wrinkling in order to reduce the risk of leakage. The helix-like production method described above is in principle
better for obtaining wrinkle-free membranes, but requires more efforts for scaling up production. Although most
produced membranes showed some wrinkles, the amount of wrinkles was significantly reduced, and only observed
in the overlap area after the membrane performance verification in pressurized hydrogen at high temperature. In the
area with only one layer of Pd-alloy film, the large pressure difference applied has typically deformed the Pd-
23%Ag film to follow the surface topography of the stainless steel support.

Fig. 5. Photograph showing six Pd—23%Ag/stainless steel composite membranes manufactured by SINTEF with permeable dimensions of 1 inch
OD and 18 inch length.

3.3. Membrane performance verification

For deployment of the Pd-alloy membrane technology in CO, capture processes, preliminary process calculations
have suggested a needed H,/CO, separation factor of 100 in order to obtain a CO, capture rate above 90% [21]. In
relation to absolute H, flux values obtained under realistic hydrogen recovery factors (HRF) of around 15 Nm*-m’
2.h', one would thus allow leakage rates of up 0.5-1 mL-cm?min™ under high operating pressures while still
maintaining a H, purity above 98%. Fig. 6 shows a the obtained N,-leakage flux through 5 membrane samples as a
function of operating time and applied feed pressure. This initial test is performed to initiate the bonding of
underlying Pd-alloy films, and to assess the membrane quality in terms of a low leakage.
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Fig. 6. N,-leakage flux obtained during the initial bonding and quality verification of 5 membranes operated simultaneously, T ~365 °C, 40% H,
in N, feed at a flow rate of 10 NL-min™.
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With increasing feed pressure the N, leakage increases. However, at each pressure level, the initial leakage
increase is followed by a gradual decrease over time, which shows the result of the diffusion bonding occurring
between overlapping films. The operation at 20 bars for a period of 3.5 days shows as well that the membranes are
stable. Most of the membranes that are made show a leakage flux below 1 mL-cm?-min? at 15 bars. Further
improvements in application method of the free-standing Pd-alloy film onto the tubular support are expected to
reduce the membrane leakage flux.

Fig. 7 shows the membrane performance as function of realistic operating conditions of feed flow rate per
membrane area and feed pressure in a feed mixture containing either 50% H, (a) or 30% H, (b) in N, respectively.
No active sweep was applied during these measurements. The membrane sample that is applied in this experiment
shows a N, leakage flux of 0.4 mL-cm™?-min™ at operating temperature and 15 bar. This is representative for the
larger membrane samples produced, and agrees well with short lab-scale membranes prepared earlier [19].
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Fig. 7. Membrane performance as function of applied feed flow rate and feed pressure of 20 bars (closed symbols) and 25 bars (open symbols),
operating temperature ~375 °C (a) Feed mixture of 50% H, in N; (b) Feed mixture of 30% H, in N.. The dotted line represents the amount of H,
fed per membrane area

The effect of feed flow rate on the measured H, flux is significant for both pressures and feed H, content applied,
but levels off at high rates as shown in Figure 7. In the case of the 50% H; in N, feed, a H, flux and purity equal to
135 Nm*>m?2h? and 96.9 % is obtained, respectively, at the maximum feed flow rate applied. Under these
conditions the HRF equals 63%. This agrees well with the required HRF for one separate membrane stage employed
in a sequential non-integrated process design consisting of three shift reaction and membrane separation stages [22].
Three such stages would lead to an overall HRF of 90-95%. At lower feed flow rate the HRF readily approaches
values above 95%. However, the obtained H, purity decreases because lower absolute H, flux values are obtained.
At 25 bars and a H, feed content of 50%, a H, flux and purity equal to 6.3 Nm*-m™?-h™ and 93.3 % are obtained at a
HRF of 94%. The reduction in H, feed content from 50% to 30% results in lower absolute flux values due to lower
driving force for permeation, and consequently lower HRF and H, purity, which demonstrates the importance of
optimal integration of the membrane separation in the pre-combustion process. At the maximum feed flow rate
applied, H, flux and purity equal to 6.1 Nm*-m?%-h™ and 93.1 % is obtained, respectively, at HRF of 66%.

4. Demonstration activities
4.1. Membrane module
A 19-tube hydrogen separation module for the demonstration activity, providing for 2.7 m? of active membrane

surface area, was designed by Reinertsen AS. The design temperature and pressure of the module is 450 °C and 50
barg, respectively. Specific attention was laid on design concepts to minimise concentration polarization that is
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known to reduce the effective H, flux through the membranes, especially at high operating pressures and hydrogen
recovery factors [20]. Without any internals, the shell-side Reynolds number in the Pd-based membrane modules
would be rather small, especially near the feed outlet where the hydrogen has been removed. Thus, using internals
such as baffles to enhance mass-transfer and enforce counter-current flow are advantageous. Computational fluid
dynamics (CFD) analyses show that both a baffled design and a design based on perforated plates appear to be
acceptable from a fluid flow point of view. The baffles and perforated plates generate turbulence for good bulk-to-
membrane mass transfer at the shell side and ensure that the flow is predominantly counter-current to the sweep
direction. Fig. 8 shows the proposed membrane module for demonstration activities.

Fig. 8. Membrane module for demonstration activities, (a) outer appearance; (b) baffled design; (c) two full length Pd membrane tubes installed
in the module for the first tests.

4.2. Skid construction and testing at Tjeldbergodden

A membrane skid capable of handling up to 2.7 ton per day (200 Nm*-h") synthesis gas slipstream was designed
(Fig. 9(a)), constructed, and installed at the Statoil 2500 MTPD methanol synthesis plant in Tjeldbergodden,
Norway, for a 12-month field test. The skid has the following possibilities:

- Possibility to control the synthesis gas feed flow rate between 10 and 200 Nm*.h*

- Possibility to control the feed pressure between 15 — 31 barg

- Possibility to control the permeate pressure between 2.5 — 15 barg

- Flow measurements on the feed, retentate and permeate streams

- Gas composition measurements by gas chromatography, alternating automatically between the feed,
retentate and permeate stream

- Automated start-up and shut down procedures and data logging systems

Fig. 9. (a) Design of the membrane skid; (b) skid appearance installed at the Statoil methanol synthesis plant in Tjeldbergodden, Norway.
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The skid was transported to Tjeldbergodden in September 2016. The test period is planned for a one-year period
until September 2017. Fig. 9(b) shows the skid after the installation at Tjeldbergodden. As the density of the
hydrogen-rich gas entering the feed inlet is much lower than the gas leaving the feed side outlet, the membrane
module is placed vertically with the feed inlet up due to buoyancy reasons. The skid is currently being
commissioned and the first tests with the membrane configuration shown in Fig. 8(c) are scheduled for October
2016.

5. Conclusions

SINTEF has successfully up-scaled the membrane manufacturing process, both in terms of fabrication of large
area free-standing Pd-alloy film, semi-automatization of production, and membrane diameter and length. The
membrane quality for these enlarged membranes, in terms of a low leakage, agrees well with short lab-scale
membranes prepared earlier. The membrane performance is measured as function of feed flow rate and feed
pressure in a feed mixture containing 50% H,. The effect of feed flow rate on the measured H, flux is significant,
but levels off at high rates. A H, flux and purity equal to 13.5 Nm®-m?-h™ and 96.9 % is obtained, respectively, at
the maximum feed flow rate applied. Under these conditions the HRF equals 63%. Reinertsen AS has developed a
19-tube hydrogen separation module for the demonstration activity, providing for 2.7 m* of active membrane
surface area. Additionally, a membrane skid capable of handling up 2.7 ton per day (200 Nm®-h™) synthesis gas
slipstream was designed, constructed, and installed at the Statoil 2500 MTPD methanol synthesis plant at
Tjeldbergodden, Norway, for a 12-month field test starting in October 2016.
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