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Program Objectives

For post-combustion CO2 capture from a coal-fired power plant:

» Develop a novel, oligomeric solvent
* 90% Carbon capture efficiency

 Less than 35% increase in Cost of Energy Services
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Schedule

Participants Phase 1 Phase 2
Q4/08__1Q1/09 _1Q2/09 }Q3/09 _ |Q409 Q10 1Q2/10 _ [Q3/10
Task 1 Project Management and Planning
Comprehensive topical reports delivered at the completion of each budget period. GE GRC/GE Energy [
Presentation of technical papers at the DOE/NETL annual contractor’s review meeting f

Presentation of detailed briefings to the project officer at least once per year.

Task 2 Screening and selection of solvent classes for CO2 capture

2.1 Proposed solvent classes

2.2 Selection of solvent classes

2.3 Bench scale, multi-property determination of commercially available solvents
2.4 Synthetic strategy development for classes of solvent

GE GRC/ U. Pitt
GE GRC/ U. Pitt
GE GRC
GE GRC

Task 3 CO2 capture solvent synthesis, optimization and property testing

3.1 Method development and high throughput synthesis of solvent libraries within the selected
3.1.1 Gen 1 Libraries
3.1.2 Gen 2 Libraries

GE GRC

3.2 High throughput evaluation of selected property within the synthesized solvent libraries |[GE GRC
3.2.1 Gen 1 Libraries
3.2.2 Gen 2 Libraries

3.3 Multi-property modeling of lead candidates identified in 3.2 (vapor pressure, thermal stabili)iGE GRC

3.3.1 Gen 1 Libraries
3.3.2_Gen 2 Libraries

3.4 Multi-property determination, and lead validation for the candidates selected from 3.2 and

GE GRC/ U. Pitt

3.5 Bench scale lead solvent performance evaluation (complete adsorption/desorption cycle d
3.5.1 Gen 1 lead lab demo
3.5.2 Gen 2 lead demo

GE GRC

3.6 Degradation testing / Enviromental testing

GE GRC

Task 4 Process modeling and cost of energy services

4.1 Absorption & Stripping Cycles and Plant Simulation
4.1.1 Calibrated Plant Model
4.1.2 Parametric Solvent and Plant integration study with class of materials
4.1.3 Model "GEN 1" solvents in plant models
4.1.4 Optimize plant around "GEN 2" Solvents

GE Energy

4.2 Size layout & Operating Cost
4.2.1 Calibrated Plant Model
4.2.2 Parametric Solvent and Plant integration study with class of materials
4.2.3 Model "GEN 1" solvents in plant models
4.2.4 Optimize plant around "GEN 2" Solvents

GE Energy

4.3 Cost of Electricity calculations
4.2.1 Calibrated Plant Model
4.2.2 Parametric Solvent and Plant integration study with class of materials
4.2.3 Model "GEN 1" solvents in plant models

4.2.4 Optimize plant around "GEN 2" Solvents

GE Energy

imagination at work

Two Year Program in Modeling and Experiments
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Scope

ldentify oligomeric solvents

Methods

* Molecular modeling to identify candidate solvents

» Synthetic chemistry to prepare solvents in the lab

* High throughput screening for relevant properties

« System modeling integrated with power plant model
» Cost of energy services analysis

Phase 1

Phase 2

« System model development

« Screening and selection of
solvent classes

» Synthetic strategy development
* Development of Gen 1 solvents

imagination at work

» Synthesis & Test Gen 2 solvents

* Bench scale test most promising
solvents

* Model refinement

» Degradation testing

 Predict overall solvent and plant
performance
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Milestones

Phase 1
Milestone Completion Date Status
Detailed Plant Model 12/31/08 Completed
Solvent property targets 12/31/08 Completed
Parametric studies/properties 6/30/09
Synthetic strategy developed 9/30/09

Go/No Go: Demonstrate capacity 25% greater than MEA w/ 50% increase in COE

Phase 2

Milestone

Completion Date

Status

COE understood for Gen 1 solvents

3/31/09

Leads from Gen 2 solvents 6/30/09
Bench tests/ physical properties 6/30/09
Solvent lifetime / degradation 9/30/09
COE target <35% at 90% capture 9/30/09

imagination at work
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Budget

BP1 BP2 Total
Cost Gov't Cost Gov't Cost
Gov't Funding Share Total Funding Share Total Funding Share Total
GE Global
Research $982,676 | $317,600 | $1,300,276 $745,436 | 5236,302 $081,738 | $1,728,112 | §553,902 | §2,282,014
CGE Energy $241,948 50 | 5241948 $253,102 | 30| 8253102 $495,050 $0 | $495,050
Univ. of Pittsburgh $174,553 532,194 $206,747 §75447 | 832,194 $107.641 | $250,000 | $64,388 | $314,388
Total | 51,388,177 | $349,794 | $1,748,871 $1,073,985 | 5268,496 | 51,342,481 | §$2,473,162 | $618,280 | $3,091,452

imagination at work

« $3 Million cost-shared program
 Finishing second quarter of program
 All teams up and running
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Cost of Electricity Components Define Critical

Chemical Characteristics

90%
80% -
70% -
60% -
50% -
40% -
30% -

COE Increase

20% +
10% +

-

0% -

m Sequestration

m Capital CO2 Compression & Drying

m Capital Hue Gas Cooling & CO2 Capture and Rege
m O&M Variable (no MUPC)

m O&M Fixed

m Mech: CO2 Compressor Load

m Mech: CO2 Aux Load

m Mech: Hue Gas Compressor

m Heat: Steam Stripping

m Heat: Reaction

m Heat: Sensible

MEA  Advanced Process Membrane Sable
Heat
Integration

Modules Contactors Solvent

High

«Q
>

Low Entitlement

Loading Desorption Reaction
Pressure Energy

Solvent properties — a significant influence on COE

imagination at work
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Relating Chemistry to COE

Chemical
Parameters

Stable Solvent

Low volatility

High Loading

Low Heat of Reaction
High reaction rate

High Desorption Pressure
Low cost

, ~ Work backwards from
II'T'ICIgII"ICIt!OI'] at WOFk

Plant & Process Models

A detailed calibrated coal power plant
model complete in Thermoflow & THB

1050 F

4326 kpph 3314 kpph
al 423.2 kpph

—r— B
e e
Double HP Feed Water Heater Troin & Single
LP Feed Water Heater Train

Non-Aqueous chemistry requires
new process designs in Aspen Plus

Cost of Electricity

Cost of Electricity Model
Complete, calibrated to DOE
references

2007 DOE GE Energy
COE Report Coal Plant
Plant Efficiency 39.1% 38.1%
Plant Qutput (MW 550 506
Flant Cost [EMM) $a66 $1,362
§ kW 1,575 $2,324

Capital Recovery 3.5 5.3
Fuel 1.9 2.0
D&M 1.0 1.1
Total 5.3 8.4

plant requirements to solvent
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Plant Model



Plant Overview

630 MW Gross Super critical coal fired plant

South Eastern U.S.
Ambient 95 F, Wet Bulb 80 F
Relative Humidity 53%
Super Critical Steam Turbines
HP 3515 psia, 1050 F

: _ o Bl IP 760 psia & 1100 F
Ammonia SCR: _ N LP 141 psia
=] Generator 13.8 kV, Transmission 765 kV

-y Excess Air - 20%
Pittsburgh No. 8

= = Eastern High Volatile Bituminous Coal
Bagh(_)us —_— HHV — 12,450 Btu/lb
e Particle Wet FGD 9.94% Ash
Removal Fan 6% moisture

2.89% Sulfur

Emission Regulations
NOx — 0.07 Ib/mmBTU
SOx - 0.182 Ib/mmBTU
PM — 0.035 Ib/mmBTU
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To Stack
129 F
6147 kpph

Overall Plant Summary

141 psi

96% S02

removal 300 F
5834
319F

peoFan  KPPD

Fabric

209 F At~

SCR
99.9% Dust 8594 NOx

removal removal

578 F

imagination ot work

imagination at work

627,858 kW

3600 RPM

3515 psi 760 psi

1050 F 1100 F 3inHg

4309 kpph 3300 kpph LrF

PP PP 2860 kpph
Coal 421.5 kpph
(Pitt#8 HV Bit)
Air 5455 kpph
<—|nHoHo}_g_{cHanHan

Double HP Feed Water Heater Train & Single
LP Feed Water Heater Train

2/
GE /
January 27, 2009
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Capture Plant Schematic

CO,to use
Fresh Water or Sequestration

» Capture plant added to
Flue Gas
1o Stack overall model

 Unit operations changeable

Coal
Air

Cooler Rich

Clean Flue Solvent

5as

Lean
Solvent

_,,_

» ASPEN model validated
with MEA

» Modified for non-aqueous
solvent

Ledan

Cold, Dirty Solvent

Flue Gas

Ric
Solvent

\ imagination at work 14/
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Detailed Process Models

Thermoflow process models calibrated with external references

Boiler
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At 444 m (101 srvag)

SCR

NH3 injection  catalyst Bed Vol, Mcfm [ 253

FG Inlet | ' Mass*, kpph 5410
Temp, F | 666

NOx, Pressure, psia | 146
305 ppm Number of reactors 3
0.45 Ib/MMBtu Gasvelocity | 16

NOx reduction | 85%
Pressure Drop, in H20 | 7

NOx removed, kpph | 2.03

FG Outlet |
- _NH3 consumed, kpph 0.75

NOX, NH3Slip, kpph | 0.009

46 ppm EPA Regulations for Power, kW 213

0.07 Ib/MMB1U | yoy - 0.07Lb/MMBty

SE Frapiistary & Confident

*5626 kpph for Santee Cooper
IPee Dee, ~615 MW Gross. - -

Baghouse

e Flue Gas Inlet

* PM - 6.4 Ib/MMBtu
* Pressure - 14.14 psi
* Temp-300F

* Mass - 5899 kpph

« Volume - 1.93 mcfm
* Fly Ash - 33.81 kpph

= Type - Pulse-jet

» Material - Fiberglass

« Number of Casings - 4

» Total Cloth Area - 0.58 M

imagination ot work

w Imagination at Work

GE Proprietary & Co

PM - 0.006 Ib/MMBtu
Fly Ash - 0.03 kpph

= Dust Collection
Efficiency 99.9%

* Power Consumption
832 kw

3 e WxDxH=296ftx
\ 54ftx 70 ft

Fly Ash removed
-33.78 kpph
EPA Regulations for PM

ftrz | 0.035 Lb/MMBtu. Further
Particles removed by FGD

nhidential Tarwary 16, s

FGD

FGIn |FG Out
FG QOut Mass, kpph| 5899 | 6209
Temp, F | 319 129
2 identical | FG Inlet Nz | 726 | 682
. oz 4.68 4.49
units ey H20 | 936 | 150
coz2 123 115
s02_ | 019 | 001
Ar__ | 087 | 082
S0z, ppm | 1990 | 74
502,
Ibrivgy | 464 | 017
o Bosdown
o
“wa  Total
AW
| 2418 Power req.

Ortabion
Total- e

S02 Removed: 23.6 kpph it
Cl* Removed: 0.005 kpph

Spray towers

conemn 5969 kW

Ele

558

L/G: 110 gal/1000 ft3

Solids Retention 11.46 hrs EPA Regulations for
NIMs 3.28 SOx - 0.182 Lb/MMBtu

AR

Ploncy TIF] Mikgpt] iffwrs sob]
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Power

Plant model captures key auxiliary energy flows affected by carbon capture

Details DOE Report |% of Gross |Current Model |% of Gross
Gross Power, kW 586,980 100.00% 630,107 100.00%
Coal Handling, kW 2,590 0.44% 3,411 0.54%
Ash Handling, kW 2,070 0.35% 841 0.13%
Primary Air Fans, kW 1,220 0.21% 1,406 0.22%
Forced Draft Fans, kW 2,550 0.43% 1,996 0.32%
Induced Draft Fans, kW 9,160 1.56% 9,574 1.52%
SCR, kW 300 0.05% 212 0.03%
Baghouse, kW 100 0.02% 806 0.13%
FGD Pumps & Agitators, kW 6,620 1.13% 5,934 0.94%
Condensate Pumps, kW 780 0.13% 1,015 0.16%
Circulating Water Pumps, kW 4,170 0.71% 5,265 0.84%
Cooling Tower Fans, kW 2,370 0.40% 2,265 0.36%
Misc. BOP, kW 5,270 0.90% 8,820 1.40%
Total Auxiliaries, kW 37,280 6.35% 41,545 6.59%
Net Power, kW 549,700 93.65% 588,562 93.41%
Net Efficiency (HHV) % 39.50 38.11

Net Heat Rate (HHV), Btu/kWhr 8,646 8,953

Type of Coal IL#6 HV Bit Pitt#8, East HV Bit

Ash in Coal, wt% 9.7 9.9

Moisture in Coal 11.1 6

Sulfur in Coal 2.51 2.89

imagination at work
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Cost of Electricity (COE)

Calculation

Cost of Electricity Calibrated to DOE rates, capital cost differs

Symbaol Units GE DOE
y Calculation Reference
Present Worth Discount Rate i - 10.5%4 10.5%
Annual Escalation Rate & - 2505 2.5%
Mumber of Years [Period) r - 20 20
Capital Charge Factor FCR - 16.4% 16.4%
Met Power Cutput P kA 586,239 550,150
Inputs Flant Met Efficiency (HHY) 3] - 3B.12% 39,10%%
Copacity Factor f - 0,85 0,85
Fuel Cost [HHWY) Crgel  USD/MMBtu 1.603 1.803
Variable Q&M Cost Coar LSO/ MR 4.0 4.9
Fired Q&M Cost Ty US Dk 39.0 25.2
Plant Total Capital Investment Tl Us0 1,362,000,000 865,936,100
Capital Recovery Factor CRF - 12.1% 12.1%
Levelization
K. - 0,493 0,493
Factors
Levelization Factor FL - 1.21 1.21
. Annual Operating Hours T hirs 7446 7,446
ant
Annual Energy Output PT ki by 4,305 135,594 4,096,416,900
Performance
Fized Annual Operating Cost i IS0 £2,863 371 13,847,276
COE - Fized Q&M cents/knWh 063 041
COE - Variable Q%M centskinh 0,48 059
Levelized
COE COE - Fuel cents ki 1.95 1.90
COE - Capital Recovery cents/kWh 512 3.47
COE - Totual cents/kWh 8.19 6.37
imagination at work 17/
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Molecular Modeling



Molecular Modeling

N

Reaction pathway computed from density functional theory

Calculations for designing new amines that have
heats of reaction in a desirable range (~-8.5to -10

kcal/mol)

imagination at work

1aE (Kcal/mol)
R RNH,+CO,
B 00 Italcs for JEFFAMINE
-1.3(-2.0)[-2.4] () for MEA
S TS1 [1 for Methylamine
B omplex .23 (-3.1) [-4.2]
21 (28)[24] Carbamic,
O\\C zwmenrgs
| H Cx N
HO, LY H NN
C./ HO 2 C=0"
\C/ \N\ N O S x,p
H, [ "H c ~ Y
| H Hy | "H ’é;
H
-7.4 (-9.3) [-12.3]
AN 1_\
| ‘Complex2,” TS2
—
-8.8(-12.6)[-14.7]
O
H, & 5
HO, N
— C S rbamate
NS 0 Hc—oH apama
H, | DH -15.9 (-20.2)[-20.4]
S —CH -OH
N 2 H2(,3
= ya
H H o) H. _CH
o, M &N
C ~g.-H
| \C/ ~..” Yo- H
H, I
The results from the B3LYP/6-31G(d) level using CPCM model

1,1-di-isopropyl
JEFFAMINE

Heat of reaction
= -9.4kcal/mol

-

New compounds
with lower heats
of reaction

/

1,1-di-isopropyl
MEA

Heat of reaction
= -10.4kcal/mol
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Molecular Modeling

Vapor liquid equilibrium of CO,+ Oligomers

\b initio calculations /1000

(Turbomole)

800

(o]

o

o
1

4004 |—=— PEGDME
—e— PPGDME
—a— PDMS

2004 | —»— KRYTOX
—+— KRYTOX-experiments

COSMO-RS R .
0 20 40 60 80 100
(COSMOtherm) \ Oligomers (repeat units=4, wt%) /

Calculations from COSMOtherm quantitatively predict the solubility of CO, in

various oligomers. Future work: Design new materials that have higher solubility
of CO,.

imagination at work 20/
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Proposed Solvent Classes and
Physical Property Targets



Background

Concept Solvent

[ ] CO,-philic backbone (physisorption)

| |:| CO,-reactive group (chemisorption)
|

]

e Backbone or core that is CO,-philic
* Reactive functional groups that chemically combine with CO,
« Chemical experience and modeling to generate promising leads

imagination at work 22/
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Proposed Solvent Classes

Physisorption

I\I/Ie I\I/Ie I\I/Ie
Me—SIi—O Sli—O Sli—Me
Me Me Me

4

imagination at work

Model Compounds

Chemisorption Both
0 N N NG NG O S NH2
H,N NH, H,N o)
A N Ye e
H2N H HZNA?i—O—?iANHZ
Me Me

« Commercially available model compounds for
benchmarking

» Determination of backbone effect and functional
group reactivity

» Decouple physisorption from chemisorption

» Validate concepts and testing protocols

23/
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Quality Function Deployment (QFD)

Customer Conflict
Importance ©>4 Resolution
- KBTI | |
arthe Etomer oraret. Quality Function Deployment (QFD)
o the
Customer? HOW'S « Structured methodology to identify and translate
\ How Do You Satisfy The Wants ? desirable features, measurable targets, and

] H L L M characteristics into technical requirements for
| WHATS Relationship Completeness reasearch and development

What Does Matrix L T Check .

cyoe H [|H stong ¢ » Rank testing process
m Customer M Medium 3

Want M
I M L weak 1  Improve likelihood of meeting requirements
L M : . : : :
How Much * Validate hypothesis in testing against highest
Target Value and Units attribute scores
Technical Importance | opadyce product development time
Used to Sort Matrix
The 9 Elements of a QFD House of Quality I

S
T
{ i@é!ﬂﬂ
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Proposed Solvent Classes
QFD Matrix of Solvent Backbones

attribute
. cost synthetic ease of - .
backbone Structure physical state (inexpensive) | availability | derivatization CO2-philic |  stability total
R
|
siloxane —ésl,i—oé— 9 5 9 9 9 9 50
R
R
alkyl ether /€\/O\> 9 9 9 5 5 9 46
alkyl amino \e/\u% 5 9 9 5 9 9 46
R F
perfluoroether %S(oﬁ\ 9 1 5 1 9 9 34
R F
R
alkyl M 9 9 9 5 1 9 42
R
R
aryl ether fOQC’A‘f 1 5 5 5 5 5 26
R
R [¢]
alkylamido M /\>\ 5 5 9 5 5 5 34
N
H
i
phosphazene %N:T%— 5 1 5 5 5 1 22
R
Polystyrene i SN 1 9 9 9 1 9 38
X
R

imagination at work

 Down-selection of most promising core structures
 Based on properties, availability and chemistry

physical state

cost (inexpensive)
synthetic availability
ease of derivatization
CO2-philic

must be low viscoisty liquid

should be < $10/Ib

able to be made on large scale
must be easily functionalized

physisorption

9=liquid, 5=viscous liquid, 1=solid
9=<$10/lb, 5=$10-2-/Ib, 1=>$20/Ib
9=commercial, 5 = small scale, 1 = laboratory
9=easy, 5 = moderate, 1 = difficult

9=high, 5=moderate, 1=low

25/
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Proposed Solvent Classes

QFD Matrix of CO,-reactive Functionality

% imagination at work

most viable

candidates

attribute
Functional Group Structure ca(;:)gétv 22?;3; Kinetics ani?;emoejnt Cost Total
Aminoethyl 5 5 9 5 9 33
Aminopropyl NS NH, 5 5 9 9 9 37
NH
Aminoethylaminopropy! \/\u i 9 9 9 9 9 45
H
Bis(aminoethyl)aminopropyl | ~>~—~">y AN ~TSNH, 9 9 9 9 9 45
H
Imidazole N 1 1 1 9 5 17
\=N
o NH,
Histamine HN 2 5 9 1 5 1 21
\=N
[9]
N
Isocytosine )\\)j 5 5 5 5 1 21
" N
H H
X
5-Azacytosine N NH 9 5 5 5 1 25
3 Py
HN N
SNy NH
Piperazine \ / 9 9 9 9 5 41
o
V] 5 5 1 5 9 25
rea \/\H )‘k NH,
[]]
Acetamide \/\N )kMe 17
H 1 5 1 5 5
NH,
Guanidine = 29
NH
? 9 5 9 1 5
NH,
Amidine R < 37
NH, 9 5 9 9 5
Benzylamine < > N\ NH 33
: 5 9 5 9 5
CO2 capacity 9=high, 5=moderate, 1=low
Heat of reaction 9=moderate, 5=low, 1=high

Kinetics
Ease of attachment

9=fast, 5=moderate, 1=slow
9=easy, 5=doable, 1=difficult

(reaction with CO2)

e Down-selection of

e All reactive sites are
amine-derived

» Green have highest
attribute score

26/
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Proposed Solvent Classes

Q physisorption group
O chemisorption group

C
O Target Solvent Theoretical CO2 wt % gain
30% MEA (Baseline) 10.8
Slicone target A 15.8
B Slicone target B 16.3

Slicone target C 18.8

Slicone target D 259

Slicone target E 447

Carbon/Hybrid target A 18.9

Carbon/Hybrid target B 212

Carbon/Hybrid target C 238

Carbon/Hybrid target D 295

E
Hybrid C

lmogmomon at work 271
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CO, Capture Solvent Synthesis,
Optimization and Property Testing

48-Well Reactor for Rapid Throughput Screening of CO2
Solvent

LLANE ||
: P B e
I e
10 |1

‘l_li'll-: 1l I || & =

' ““IIIIIIII[!IIHHHHH "“ !! ' h{f‘ |
E : =S Ty ape se—y |

System Strategy

 Temperature controlled » Synthetic strategy begun
* Multiple gas input capabilities » Screening readily available
* Coupled to robot for sample solvents
weighing » Allow information generation to
» Screen ~10 samples/day with learn quickly
replicates and controls * Predict & understand factors
imagination at work 28/
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Initial Screening Results

CO2 adsorption plate 8

40.00
1 atm CO,
» 3 temperatures (40, 70, 100 °C)

* Replicate samples

i — @ 400C
= m70C || o i
¢ o B° P SISO i Control samples included
“ S & K g ®
CO2 adsorption plate 6
30.00
-50.00 -
c 20.00
10.00 +
0 c 0.00 - A
* 100% MEA gs control S PN T&Q P —
» Organic amine controls gw-s@ B I R R R P mr00C
and silicone-based £ 5000 -
materials
. -30.00
e Loss of wt = volatile
-40.00 +
solvents
-50.00 -

Compounds
imagination at work 29/
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Risk Analysis

High risk

Moderate risk

Low risk

imagination at work

Risk

Likelihood

Severity

Total risk

Synthesis and scale up

high cost ° ° -
Unavailability of starting materials/no toller/excessive synthetic
) 5 9 45
steps/low yield
. . 5 5 25
Ease of synthesis/hazardous by-products/false responses/low yield
Physico chemical properties of lead candidates
High viscosity of reaction products/poisoning of amine 9 9 -
hydrolytic, thermal, oxidative, pH stability, toxicity 5 9 45
Non-Newtonian fluid/low solvent volatility/collateral emissions 5 5 25
too volatile/high freezing point 1 9 9
CO2 adsorption/desorption (Activity)
Slow CO2 absorption,desorption kinetics/high heat of 9 9
reaction/degradation of solvent
Low working capacity in design space (net loading)/poor CO2 capture 5 9 25
at low pressure
Insufficient data to develop useful model & process design/CO2 5 5 25
prematurely desorbing
Need to separate water and CO2 after desorption 9 1 9
Process/plant
. 9 9
Proposed process too costly/footprint to large
Low accuracy of the plant model/unit operations require significant 5 9 45
modifications
Scale-up demonstration issues/poor integration with power
o " 5 5 25
plant/variation in exhaust from one facility to another
IP issues
Prior IP on composition of matter or process that limits freedom of 5 9 25
practice
Prior art on composition of matter, process found that prevents 5 5 25
patenting
’ o 1 5 5
Jointly developed IP lead to GE/Upitt issues
EHS
disposal/operation 5 9 45

Possible
Abatements

«Similar, readily
available material

*Chemistry change,
engineering option

*Viscosity improve,
contacting equip.

*Model optimization

30/
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Summary

» Solid plan in place for program execution

* Reliable plant model to guide experimentation

e Sound molecular modeling capabilities for property prediction
* Viable chemistry options for solvent synthesis

* Analytical tools in place for rapid screening

 Bench scale adsorption apparatus being assembled

» Desorption protocol being examined

 FOocus on absorption parameters

imagination at work 31/
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