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Big Picture Overview

» We have so many technology ideas for reducing greenhouse emissions.
= Which should we focus on now?

* Where should our money be invested?

= What should we do first, and then next?
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Fundamental Problem of CO, Capture and Sequestration

* Fundamental problem: * We need to go from low pressure to
separation of CO, and N, in flue high pressure
gases: * And there’s an awful lot of it (~7

+ We need to go from dilute to high million ton/yr per coal power plant).

purit
Y TYPICAL COAL POWER FLUE EXHAUST, 1 BAR CO, PIPELINE LIMITS, 120 BAR
Sincer Sleipner
Morgan P
N
& Kr) 63% N, (&Ar)  <4% 3-5%
Report see required reading). Adams & 0, 2% 0, <50ppm <50ppm
Barton, AIChE J (2010)
deVisser E., et al. Dynamis CO2 quality
recommendations. Int. J. Greenhouse Gas
Cont 2008 2 a70os co, 13% co, >95% 93-96%
Sizes from Angew. Chem. Int, Ed. 2010, 49,
6058 — 6082.
H,O 17% H,O <690ppm <Saturated
McMaster ; 2 ’ 2 PP

Unl @%ﬂfy ‘>MCC



Post-Combustion Solvent-Based Capture

Sulfur Compounds

Pulverized Coal

| Limestone (Gypsum)
Exam
a p € Fly Ash . ———
a— Ash Sulfur
Cleanup Removal
H,0,
COZ/ HZO/ COZ, NZ
N,, Ash, SO,
Coal o
co Pipeline £ S
co —2 co = Stquestration
. Boiler 2 ) - Ly
Air Absorption 1 atm Compress.
Heat
Steam H,0, CO, N,
Turbines
Stack

- B

BpMACC

Source: NETL 2007 - Bituminous Baseline




Post-Combustion Membrane-Based Capture

Flue Gas from
Upstream Combustion

Membrane Stage 3

Adir,

(Route 2)

Various configurations
Typically 2 or 3 stages

N To Boiler €] Fermeato Sde et Hard to get both purity
[N o and & recovery
\\ Postcombustion Flue Gas l_) Retentate Side N, some CO; To Flue
~~. | Mostly N; & CO, N2, some CO;
(usually dewatered) ~
Low Pressure Membrane o Membrane
Stage 1 N,, some é Stage 2
CO; Route 1 (Route 1)
Retentate Side . To Flue _ |
P gi(?pgonal Cut  [Route1 A > Rerenf S:di.-/
1 for Swee, T
High A Permeate Side  |g---! (535 P S To Pipeline
Pressure | 2™ P High Permeate Side CapturedT
£ A— : / cO co
e b ! V. 2 Pressure ~ 2 .
Knockout :"1-": ] acuum | Some N P N, COq Compre:ssmn
Condenser & Drum ! /I S \\ } Train
{Optional) ' III o TT’a-Q% gases (N;)
A 4 Il \\s\
Knockoyit I - S
'\}\?:t ;}i B T Captured Retentate Side \\\\
/ LN TG Liquid .
II ‘..‘:" § H COQ Parmeate Side Membrane Second COZ / N2
/ Knockout *-..-* Stage 2
I .

CO, / N, Membrane with
Vacuum Permeate.
Not Pure Enough CO,

- EmacC

Condenser& Drum !
(Optional)

\ 4
Knockout
Water
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Higher Purity CO,

(Route 2)
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Post-Combustion Solid-Based Capture

Solid Calcium Carbonate CO,-Lean Flue Gas To Flue Second Gas / Solid
Cycloned from rest of flue > Heat Recovery Separation to release CO..
gases el CaCOj; + Heat — CaO + CO,
\\*\\\\ COZ ,,,/
e —»| Heat Recovery |—<p
CaCOg, 1! ,/To Compression
Gases Cyclone " and Sequestration
CaO + CO, — CaCO, + Heat Sie R
\\\ . o "'4— Fresh CaCOs,
~~J._ Carbonation Ca0o Calcination Coal
Reactor Reactor oal,
D <€— Natural
e Gas, etc
T ozT ,L ____________ Need to burn
_ _ I “additional fuel for
Postcombustion Alr : NP Heat Recovery —» | ¢
Flue Gas Separation |
Unit  ~.

Thomas A. Adams

~
~

™ Need High Purity Oxygen to prevent N, injection
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Pre-Combustion Solvent-Based Capture (IGCC)

prevent N, injection

Need High Purity Oxygen to 0 l
2

Steam l

H
CcO
Coal _— CO;
——— Gasification (——
Steam Cycle |e——
v
Electricity

WGS Reactors
H,O + CO = CO; + H»
H,O + COS = CO, + H,:S

H>S Selexol or Rectisol Solvents

— 5 Capture H,S and CO, in

separate stages
H,/CO, Separation Principle

_ Water Gas
—_—
Cleaning Shift
H,
CcO,
H>
. H.S and CO,
. Gas Turbine  |¢— Absorption
g C02l
V‘ | COz
Electricity

Compression &
Sequestration

CO, captured at higher pressures
(>20 bar)
Much lower compression costs

Thomas A. Adams

Download Slides at PSEcommunity.org/LAPSE:2018.0807



Pre-Combustion Membrane-Based Capture

Oz Steam Membrane-enhanced WGS removes
H: H, as produced
CcO Shifts equilibrium to toward higher
Coal g CO, _ Water Gas conversion
— Gasification » Cleaning — Shift Increases CO2 concentration for later
H>
H2 |—|‘2 l
Some CO; CO, G
“—  Membrane |e—— e H>S
Steam Cycle l[«—— Gas Turbine [ Absorzption —

Cozl VACUUM ™ gacond Membrane separates

D SR

v CO, from H,
Electricity Electricity COz. Vacuum Pressure Collection
Compression &
Sequestration Huge compression costs
from vacuum levels
McMaster

Um um 7 kW‘ﬂ “>MCC : :
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Oxytuel Combustion

Fuel combusted in N2-free flame

: Power Produced through
Diluted with C02 for thermal COZ/HZO Separatlon. Steam Cydes .
management via water condensation \
Very Large ASU . \ \
\ \ \ !
\ \ \ 1
\\ \‘ \‘ 1
\\\ ‘\‘ ‘\ “‘
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. Air \ \
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Separation [—g—1 —)l % Ash NOXx Sulfur ‘Conden- Recovery &
Unit Oxy-boiler HeatX —> Removal Removal —> Removal —> sers Steam Cycle
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N2 e Power
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” Compression —»CO;
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Chemical Looping Combustion

Hot, High Pressure Air  _ Hot, High Pressure
' ' ity Y~ CO, and H,O
Spins turbine for electricity 2 2 120 bar
Spent Air / To CO,
40 bar ’ 11b Pipeline
Air reacts with reduced metals  ar  1200°C ar
Creates heat and metal oxides  N°
O, + Me — MeO + Heat \ co,
\\ H,0O Knockout
R 40 bar . Water
700°C ‘\
Fuel busts Usi \ \vanotckout CO, Captured at High Pressure
\ .
rrlwfta(l:oor;d: isn;;gg PRSI ot N\ o (reduced compression costs)
Particles \
MeO + CH, + Heat— \
A HRSG
Hzo + COZ + Me \\\
\\\ ‘\
\\ \\\
\ \
@ Flue \\ \\\
~ \

... Waste heat used for
*~ Combined Cycle (steam)

Thomas A. Adams |l Download Slides at PSEcommunity.org/LAPSE:2018.0807




Solid Oxide Fuel Cell (SOFC) Process

Requires ASU but only
for unspent portions -,
AN CO, to
Can also used cleaned Air O Pipeline
and gasified solid fuels —> ASU 2
! Compression
.': CO,, H,0 __.- Up to 20 bar
' SOFC Unspent fuel l T CO, = possible
Natural Gas Up to 20 bar CO,, H,0O .
» Anode »| Oxidation » Condensation
Air N lHZO
Cathode ! > A High Purit
+ Spent Air Can be catalytic V\/Igter Hny
] (Exhaust)

O= Migration
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Solvent-based Post-Combustion

Membrane-Based Post-Combustion

Solid-Based Post-Combustion

Solvent-Based Pre-Combustion

Membrane-Based Pre-Combustion

Oxyfuels

Chemical Looping

Solid Oxide Fuel Cells

L

bad

FMACC

CO,/N,

CO,/N,
CO,/N,
CO,/H,
CO,/H,
CO,/H,0
CO,/H,0

CO,/H,0

Low
Medium
Medium

High

Low

1 bar

Vacuum

1 bar

10-50 bar

Vacuum

1 bar

10-50 bar

1-20 bar

Pulverized Coal, NGCC
Pulverized Coal, NGCC

Pulverized Coal, NGCC
IGCC, pre-reforming NGCC
IGCC, pre-reforming NGCC

Gasified Coal/Nat Gas

Gasified Coal/Nat Gas

Gasified Coal/Nat Gas



Key Problems

= No systematic comparison between processes
» Everyone claims their own process is the best when compared against some other

= \Wide variation in assumptions, strategies and ideas.

= Solution: Meta-Study of ~100 published data points on those 8 processes.
» Convert to a standard basis of comparison
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Standards

* Size: 550 MW net, plant gate * Captured CO, at plant gate

 Nonfuel costs scaled with power  Pressure: >115 bar
law method p=0.9 L o
* Purity: >95 mol%
’ T'”}.e & Zlaiﬁ'; Q201 6I§IJS'?C t - Capture Rate: 90-100%
 Time: North American Plant Cos
Index * LCA: Cradle to Gate GHG
* Place: Purchasing Power Parity  Consistent NOx production where
Index neglected in original
e Fuel » Standardize cradle-to-plant-
« US Bituminous Coal #6 2016 Avg entrance life cycle impacts
Price « CCA: Cost of CO, Avoided
« US Conventional Average Gas Mix ' 2 .
2016 Avg Price « Same standard plant without CCS

« SCPC and NGCC US baseline std'’s

VAL LY /, Ao Y\
University ‘i" t MCC
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Overall

* SOFC clear winner
for coal and gas

« NGCC w/CCS
excellent near
term solution

* No point in using
membranes!
* Oxyfuels / CLC

good coal
Intermediate step

Cradle-To-Gate-Exit Greenhouse Gas Emissions (kgCO2e/MWh)

400

350

300

250

200

150

100

50

X SCPC
O IGCC
0 COXY
& CMEM
A IGFC
x Cal

o CCLC
® NGCC
B NOXY
¢ NMEM

A NGFC

* NCLC

Natural Gas
SOFCs w/CCS

20
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P ---------------- ﬁ B
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N AN W/CCS

[ S Gasified Coal
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Cost of CO, Avoided

-0
CCA — LCOEscnlcd,smndnrd - LCOEbnsecnse &,ﬁ' {
— 0
Gwpbnsc’cnsc’ — GWPSC(II(’d,smndnrd 04&
Oéﬂ x’
80 / R
/! Aks'si
_ X Sweet Spot:
Q .
g 60 o -, The best of post-combustion
b &
& AL ' solvent systems are the only
8 0 hnol b
o I mature technology to be
= b L= ..
2 éj"? S ﬁ " competitive.
20 .
: RS | Rest requires CO,/H,0 style
b
< : f‘A .1 power gen.
~ 0 / —
S y .
- ; I
. . [=] /
Special Point: 3 20 L ' :
Sp't hing | g | ' Negative CCA means:
witcning trom Coa % A“” “ SCPC + NGCC without CCS . .
: A 5 oeC © NGOG with CCS I Gas is so cheap in North
to gas w/o CCS -40 € 0 ooy - : : :
: coxy America, there is no point
No point to new coal ______ AL o CuEw § e : o usin | at all
at all in North B e e A I o CLC ° NCLG ; O using coal at all.
Americal vs. SCPC Baseline (w/o CCS)_| / % Cal |
ICa. I
-80 -
0 20 40 60 80 100 120 140 160 180

LCOE, Standard Conditions ($US2016/MWh)
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Conclusions

* No point to building new coal * SOFC is best way to use coal
* (as long as gas prices stay low) * (Could be better than gas in Asian
* IGCC cannot compete with SCPC context. Asian study needed!)

* Calcium Looping unlikely to either

- Membranes not so promising FINAL RECOMMENDATIONS

« Coal: Only fictional membranes * Near Term: Use NGCC with CCS
could compete with solvents at the * Closest thing we have to
system level commercial

* Gas: At best competes with solvent Long Term: Use SOFCs with CCS
directly, maturity / lifetime issues

aside.

* Needs research and investment now
» Best fossil fuel approach possible
* Translates well in foreign situations

Thomas A. Adams Il Download Slides at PSEcommunity.org/LAPSE:2018.0807



