Tenth Annual Conference on
Carbon Capture & Sequestration

Membranes for Power Plant CO, Capture:
Slipstream Test Results and Future Plans

Tim Merkel, Xiaotong Wei, Jenny He, Bilgen Firat, Karl Amo,
Saurabh Pande, Steve White, and Richard Baker

Membrane
MTH Technology
& Research

May 2-5, 2011 e David L. Lawrence Convention Center ¢ Pittsburgh, Pennsylvania

Tenth Annual Conference on Carbon Capture & Sequestration



Outline

* Membrane designs for CO, capture
* Field test results

* Next steps
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Introduction to MTR

Customers include: BP, Chevron,
Dominion Exploration, Ercros,

Natural Gas. ExxonMobil, Formosa Plastics,
COz/CH4, CH,/N, Innovene, Sabic, Sasol, Sinopec,
NGL/CH,

Solvay, and Statoil.
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Membranes are packaged in modules for industrial separations.
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Post Combustion CO, Capture

with Membranes

600 MW, -> 500 Nm3/s = 1,540 MMscfd flue gas
10 - 15% CO, in N, = 10,000 ton CO,/day

Coa| =———>

Al s—

Sulfur
Ash

The key membrane challenges for post-combustion CO, capture are:

» Large flue gas flow rate will require large membrane area = to be affordable,
membranes must have very high CO, permeance.

» Membranes require partial pressure driving force to separate gases. How to generate
this driving force affordably? MTH
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MTR Polaris™ CO, Capture Membranes
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At equivalent selectivity, Polaris is 50 times more permeable than conventional CO, membranes
1 gpu =10° cm3(STP)/(cm? s cmHg)= 3.35 x 10'1% mol/(m? s Pa);
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Membrane Process Designs for
CO, Capture: (1) Serial Membrane

CO, depleted

Air sweep + CO, recycle flue gas

Primary CO,
remaoval with
cross-flow module _w Air sweep
o co, ©o -
L ml ml L
’ * | Selective recycle
of CO, with
f—
a countercurrent/sweep
E module
] Boiler GD
Compression/
- — —= N recycle
fractionation ; r vent
[Coal ——
feed
Supercritical
US2010/0236404 (allowed) liquid CO, 875b-3d

> Selective recycle by sweep membrane allows CO, to be pre-concentrated
with almost no energy input

> Capture step only needs to do 50% CO, removal in a single pass

» Process uses ~20% of plant energy at 90% CO, capture
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Membrane Process Designs for
CO, Capture: (2) Parallel Hybrid

Air sweep + CO, recycle

- €o, €O,
Flue gas CO, depleted
flue gas
COo, naFture
unit
Coal Co,
feed BHE-3d

» Parallel design avoids the use of any compression or vacuum equipment

» For coal, sweep membrane can double the CO, concentration and halve the
flow rate going to the capture step with little energy input

» For natural gas, an enrichment factor of 4 to 5 can be achieved
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Slipstream Tests at APS Redhawk

diameter Polaris module

delivery to an algae biofuel farm

» Ran smoothly in fall 2009 and showed
stable membrane performance
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Slipstream Tests at APS Cholla
:

=
Flue gas slipstream
to membrane

Flue gas
to stack =

» MTR membrane skid treats post-FGD flue
gas (50 ppm SO,) from Unit 3

» 0.25 MMscfd of flue gas fed to the
membrane unit
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MTR Test Skid at Cholla

Coumiercmreni’
sweep module
{Slage 1)

L ross- Mo
kb moduks
{Stage 1)

» Objectives were to (1) investigate
membrane lifetime and (2) demonstrate
sweep with commercial-sized modules
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Cholla Test Results

5839 o o
(Cross-flow) 11wz ez

5879 o o
(Sweep) 108% 96%
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Sweep Modules Work in the Field

Theoretical
CO,/N, >

() o
A L
Lab data ~

Field data ] . Air

CO, flux L

(slpm/m?)

\— No sweep

0.1 1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 1
0 20 40 60 80 100 120

Sweep/feed flow rate (%)
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Cholla System Performance Over Time
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» | = Il: increased membrane area; Il = lll: reduced feed pressure
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Future Plans

Flue gas membrane vessels ——

e 0.5 million m2or ~100
module vessels required for
550 MW, plant with current
membranes

e Double permeance - halve
the vessels

Ashkelon desalination plant

¢ 1.5 million m2 membrane area
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Summary

concentrator to reduce CO, capture energy requirements

» Slipstream tests at natural gas and coal-fired plants with
commercial-scale modules show stable performance

» A1 MW demo unit is being built

» higher membrane permeance will reduce footprint and cost
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Energy Use Favors Low Pressure
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Membrane
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> At low feed pressures, the
membrane process can give
lower energy use than the
MEA base case

Process conditions, calculation methods, and cost assumptions are based on the DOE baseline report of

November 2007 (DOE/NETL-401/110907)
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Sweep Reduces Minimum Energy
of CO, Capture

90%
capture

Minimum energy Minimum energy
of separation Point A 44
(kWh/ton CO,) i plant output
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i B capture Point B -2
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CO, concentration in feed (%)

» Energy of separation = change in Gibbs free energy to take a N,-CO, mixture at
1 bar and 25°C to pure CO, at 150 bar and 25°C
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Advantages of a Membrane Process

Compact and modular; easily scalable; easy turndown

Inherently energy efficient (20% parasitic energy at 90% capture)

Recovers water from flue gas ( ™\ £
No steam use, so no modifications to existing
boiler and steam turbine are needed £
N\ 48
Builds on existing, low-cost technology already N

used at a similar scale for water desalination
and natural gas treatment
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