=R S|= SAFE 2009

Oxygen and Hydrogen | nnovative Separ ation
Techniquesfor Pre- and Oxy-combustion Capture




Contents

Introduction (power cycleswith CO, capture)

|, separation membrane
 Integration in power cycles

» synthesis processes and performances

O, separ ation membr anes
— Integration in power cycles

Conclusions




Power generation with CO,, capture
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Membraneintegration in a power cycle

e H, separation membranes
— methane steam reforming (M SR)
— Water Gas Shift of syngas produced by MSR or coal gasificatio

* O, separation membranes
— oxyfuel combustion
— coal gasification for electricity and H., production



H, & electricity co-production / CO, capture
where and why membranes ?

* H, separation membranes can be integrated in the following processes:

— natural gasreforming : CH,+H,O CO + 3H, HO o = 206 kJ mol-!

— Water Gas Shift (WGS) from natural gas reforming or from coal gasification (IGCC):

CO+H,0 CO,+ H, HO,qe= — 41 kJ mol-L

 Membranes allow process intensification with capital and
running cost reduction




Membranereactor principle
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H, permeation through membrane shift the thermodynamic equilibrium:

e higher reaction conversions at the same temperature

e Same conversion at lower temperature




Membranereactor (MR)
In authotermal reforming (ATR) of natural gas
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Membranereformer for H, production
installed at Tokio Gas Co.
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Hydrogen Station Operating Membrane Reformer by Tokyo Gas Co.
A i : Volume=1/3 Space=1/2 as Compared with
Capac“Y- 20 Nm3/h of Hyd rogen sl e the Conventional Reformer

operating conditions: T = 550°C, P= 0. 9 MPa, H,O/C = 3-3.2;
conversion:80% vs. 30% at TD equilibrium; H, purity >99.999%;
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Membranesfor H, separation in IGCC
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CO, Capture in IGCC with membrane reactor (HSMR)
Texaco technology with syngas cooler - Pd-Ag membrane

Catawtic—_ Scheme| V C M
A Thermal input (LHV), MW 005.8 | 978.1 | 9874
Electric power balance. MW
Plant net output 4223 | 382.6 | 405.6
Sepanriémn Electric efficiency (LHV), %o 46.62 | 39.12 | 41.08
Uni ' ‘ compressor Captured CO,, kg/s 0.0 | 79.9 | 893
oxygen ) Captured CO;, % 0.0 90.4 | 100.0
m ¢ (ias tummT i 5 storage CO; emissions, g/’kWh 692.6 | 73.4 0.0
Heat Recove E G §
Steam Generaftor - Table 4 Cost of electricity (COE) and of CO» removal
Scheme| WV C M
& € .‘:; 1% year cost of electricity, ¢/kWh
% ) E Investment 2.85 | 3.55 | 3.30
8 syhTas @ Operation & maintenance 0.80 | 1.00 .93
5 gy Fuel 1.97 | 235 | 2.24
iy [ 1 HT syngas coolers % —L 2 Lm— ] @7% CO, storage _ 0.76 0.80
B ) ) a TR P Total 563 | 766 | 7.27
S| EYA ]| Bee h @ @ removal Cost of CO; capture and storage, e |
ash _ , — 26.75 | 20.51
o = R water . $/tonncos
Py Cost of avoided CO;, $/tonnco: - 32.55 | 23.27

P. Chiesa et al., proc. of GHGT 8, Trondheim (No) June 18-23, 2006
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Reducing membranethicknessisakey issue

C02 Avoided

Cost &Tonne

Cost of Membrane Reforming Using Pd Alloys
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Middelton et al. “ Hydrogen production with CO, capture using membrane reactors”
GHGT 6 Kyoto, Japan October 2002
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Membranesfor H, separation

Classified on the basis of structure and separation mechanism
pOrous

Critical Membrane
Layer

Pore Size: 0.4-5 nm

Thickness: 0.01-0.5 um

Primary Layer

Pore Size: 0.005-0.5 um
Thickness: 1-20 um

Porous Support
Pore Size: 0.5-50 pm
Thickness: =400 pm

OAK RIDGE NATIONAL LABORATORY

U. S. DEPARTMENT OF ENERGY LIT-BATTELLE

* H, trasport by molecular diffusion
e [imited selectivity

dense

1250d

* H,trasport by solubiliz.-diffusion or
by protonic conductivity

e High selectivity
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Dense membranes

Membrane type Temperature (°C)

 Proton Conducting 700-950
(ceramics, es. perovskites)

e Proton Conducting 550-850

(composites) perme

o Palladium & palladium salloys 300-600
(on porous suppports)

e Composite metallic 300-450
(sandwich structure FCC/BCC/FCC)

incr

ease

<

. AI_XA’XBI_.‘B’}_O&5
* (.01 to 0.2 mol H/mol

* SrCeO,; & BaCeO,

» Iwahara, early 1980s

doped with Y, Yb, Gd

ity 1028/ t ~800°C
ability cm a

F27rC 636°C  560°C 496°C 441°C dg4eC I
]

o ' e
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S
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101e : : % .
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Dense metallic membranesfor H, separation
under development

Mainly based on Pd and Pd alloys

/

.

cold rolled to reduce thickness
from 100 to 50 mm

(infinite selectivity, e.g. high
purity H, can be supplied to a
fuel cell

limited P, need of a support
for most applications

e thinlayer deposited by various
methods on ceramic or metallic
supports

(thickness reduced to less than 5 nin)

e ceramic vs. metallic supports trade-
off:
fragility, leak thigh seals, thermal
expansion coefficient

barrier layer to avoid poisoning of
Pd by metal migration from sipport




Deposition processes for Pd-alloy membrane
preparation on porous supports

 Electroless plating
(WPI/Shell, Colorado School of Mines/Pall, ECN)

* Magneton sputtering
(SRI, Sintef)

« CVD/PVD

various laboratories
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Pd Membranes preparation at ERSE

e Macroporous supports. austenitic stainless steels, Ni-Cr
super-alloys with 0,1-0.2 nm nominal pore size

e Anti-diffusion barrier: 1E17 | .
1E-19 .

— grown-on oxide by oxidation in

D(m?/s)

1E-21 A A4

air at temperature 1E23 |

- Ceramic layer deposited by dip- T e a0 o 8w

T(°C)

coating

* Pd, Pd alloys deposited by el ectroless plating
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Pd membranes on oxidized PSS

oXidized support Pd membrane
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Multi-layer g-alumina anti-diffusion barrier
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(a) asreceived AlSI 316L support (b) after g-alumina deposition
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Pd membrane on oxidized PSS
Permeation tests with pure gases

permeance (mol/sec/m2/Pa)
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Pd membrane on oxidized PSS
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‘Membranestested up to 450°C and 8 bar for 2100 h with gas mixtures

Limited selectivity due to defectsin the Pd layer
Good stability at temperature and thermal cycling
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WGStestswith a palladium membrane reactor

eval uate the performances of a palladium membrane reactor for WGS of
a syngas produced in alGCC at an intermediate temperature (400°C)

Purified

synthesis gas

High T
WGS-TR

CO + H)O

steam

+H, + CO,

Intermediate T
WGS - MR

_ Hy N,

-

CO2

syngas has already been treated in a conventional high temperature
WGS reactor and CO concentration has been reduced below 8%.

21



WGSin a palladium membranereactor
pilot loop testsat ERSE

WGSreaction: CO+H,O CO,+ H,

Feed composition

CO
H20

H2

CO2
H,O/CO

feed 1
%vol

7.6
27.2
41.5
23.7

3.58

feed 2
% vol

7.6
20.3
45.9
26.2

2.67

HO,oe= — 41 kJ mol-1

commercial Fe/Cr catalyst
V,=1580 h-

P ei=1- 6.5 bar

Sweep gas= N,

* Pgyeep = @mospheric

o Counter-current mode
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WGS with atraditional reactor (TR)

CO conversion (%)
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WGSin a palladium membranereactor (MR)

CO conversion (%)
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WGS in a palladium membrane reactor

I:)feed ( Pa)
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WGS in a palladium membrane reactor

HRF (%)

100.00 100.00
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WGS in a palladium membrane reactor

CO conversion (%)
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Wher e and why oxygen transport membranes (OTM)

oxyfuel combustion
coal gasification for electricity and H, production

air separation unit (ASU) currently based on cryogenic
technology: consumes about the 10% of the gross power output

Systems studies indicates that replacement of cryogenic with
OTM:

— Increase net MWe and | GCC plant efficiency

— Decrease cost of oxygen production and COE
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Oxygen Transport Membranes (OTM)

OTM are mixed conducting materials (dense ceramics) such as perovskites

Mixed Conducting
Meml)rane
. High Pressure
Pure 0, «— ||e Air
Oxygen O 02
O () A-Site Cation
200 T 0, + de 0, (N,) +de —> 20" © B-Site Cation
£,
Pure Q, |
Oxygen { ,O*|| High Pressure
' Air
T T Crystal structure of perovskites
Oxidation Reduction

Catalyst Catalyst (A ]-XA ’x B ]_yB ,yO 3_d)
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Integration of aOTM in aFluidized Bed Combustion

sweep
gas

vitlated

Sl

‘%s

exhaust flow
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-l

HR

heat to
steam cycle
COz
coal+ liquefaction
orbent *
MHX ‘ HR
M- '
joxXygen +
sweep gas
ATAYA"
|
air inlet

USC Rankine cycle

Benson | Cryogenic | FBC +

boiler oxvfuel OTM
LHYV coal input, MW 085.0 985.0 085.0
Net power output, MW 440.1 348.5 407.2
Net LHV efficiency, %o 44.68 35.38 41.34
CO, capture efficiency,

% of fuel C 0 100 100

Specific CO, emissions, g’kWh 729 0 0

P. Chiesa et. al ”Oxygen transport membranes and fluidized bed combustion for low
CO, emission coal fired power plants” CCT 2005, Cagliari (I), May 2005
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Integration of aOTM 1n alGCC plant

ca,
. purification
v and
COMPFELSIon

Coal

M SI'IHEEE rreaﬂng
Cygen + ;

Steam

«. Oy Transp. Membrane

o u Key features
+ Permeate side: 1.5 bar
+ Sweep fluid: steam
+ No air integration
« GT fuel dilution: steam

Electric
Power

A. Pfeffer, European conference on CCS research, development and demonstration, Feb. 2009Bslo (No)



Integration of aOTM 1n alGCC plant

ITM
Oxygen

Cryo
ASU

A %

IGCC Net Power (MWe)

438

409

Net IGCC Efficiency (% LHV)
(% HHV)

41.8
40.4

40.9
39.5

Oxygen Power Req’t (kWh/ton)

147

235

Oxygen Plant Size (sTPD)

3,200

3,040

Oxygen Plant Cost ($/sTPD)

13,000

20,132

Total IGCC Cost ($,000)

447,000

448,000

IGCC Specific Cost ($/kW)

1,020

1,094

IGCC plant cost reduced 7%, plant efficiency increase 2%
with >35% cost and energy savings in oxygen production
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Conclusions & developments

 Membranes for O, or H, separation can be a key component
to develop power generation plants with CO, capture (pre-
combustion and oxyfuel)

* membranes are now developed at |aboratory stage

e developments
— Long-term stability and material optimization
— Module design (gastight seals issue)
— scale-up of the production technol ogy
— optimization of plant configuration
— start the demonstration phase
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