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1. EXECUTIVE*SUMMARY**

Overview'

PNNL,%Fluor%Corporation%and%Queens%University%(Kingston,%ON)%successfully%completed%a%

three%year%comprehensive%study%of%the%CO2BOL%waterDlean%solvent%platform%with%Polarity%Swing%

Assisted%Regeneration%(PSAR).%%This%study%encompassed%solvent%synthesis,%characterization,%

environmental%toxicology,%physical,%thermodynamic%and%kinetic%property%measurements,%Aspen%

Plus™%modeling%and%benchDscale%testing%of%a%candidate%CO2BOL%solvent%molecule.%%%

Key'Program'Findings'

The%key%program%findings%are%summarized%as%follows:%

• PSAR%favorably%reduced%stripper%duties%and%reboiler%temperatures.%%There%was%also%little%

or%no%impact%to%absorption%system%due%to%minimal%carryover%of%the%antiDsolvent%into%the%

absorption%column.%%%%

• >90%%CO2%capture%was%achievable%at%reasonable%liquidDgas%ratios%in%the%absorber%

• High%rich%solvent%viscosities%(up%to%600%cP)%were%successfully%demonstrated%in%the%benchD

scale%system.%%However,%the%projected%impacts%of%high%viscosity%to%capital%cost%and%

operational%limits%diminished%the%other%levelized%cost%of%electricity%benefits.%%%

• Low%thermal%conductivity%of%organics%significantly%increased%the%required%cross%

exchanger%surface%area,%and%potentially%other%heat%exchange%surfaces.%

• CO2BOL%had%low%evaporative%losses%during%benchDscale%testing%

• There%was%no%evidence%of%foaming%during%bench%scale%testing%with%synthesized%flue%gas%

• Current%CO2BOL%formulation%costs%project%to%be%$35/kg%%

• Ecotoxicity%(Water%Daphnia)%was%comparable%between%CO2BOL%and%MEA%(169.47%versus%

103.63%mg/L)%

• Full%dehydration%of%the%flue%gas%was%determined%to%not%be%economically%feasible.%%

However,%modest%refrigeration%power%(13%MW%for%the%550%MW%reference%system)%was%

determined%to%be%potentially%economically%feasible,%and%still%produce%a%waterDlean%

condition%for%the%CO2BOLs%(5%wt%%steadyDstate%water%loading).%%

• CO2BOLs%testing%with%5%wt%%water%loading%did%not%compromise%anhydrous%performance%

behavior,%and%showed%actual%enhancement%of%CO2%capture%performance.%

• Mass%transfer%of%CO2BOLs%was%not%greatly%hindered%by%the%high%viscosity%

• Facile%separation%of%antisolvent%from%lean%CO2BOL%was%demonstrated%on%the%bench%cart%

• No%measurable%solvent%degradation%was%observed%over%4%months%of%testing%–%even%with%

5%wt%%water%present%

%

Through%the%course%of%the%current%project%the%team%has%developed%and%validated%the%

thermodynamic%understanding%of%the%CO2BOL/PSAR%system,%fully%characterized%in%an%electrolyte%

Aspen%Plus™%model.%%The%unique%approach%used%for%the%CO2BOLs%thermodynamic%

characterization%is%believed%to%be%applicable%to%other%waterDlean%solvent%platforms.%%Ultimately,%

the%CO2BOL%solvent%system%was%determined%to%be%capable%of%90%%CO2%capture%with%acceptable%

liquidDtoDgas%ratios%in%the%benchDscale%absorber%system.%%PSAR%was%also%determined%to%be%

feasible%in%continuous%operation,%aiding%in%stripping%of%CO2%with%minimal%impact%on%absorption%

performance.%%The%CO2BOLs/PSAR%system%was%also%determined%to%have%the%potential%to%use%

infrastructure%and%hardware%similar%to%aqueous%solvents,%reducing%the%need%for%custom%

equipment.%%Energetic%projections%suggest%8D10%%increases%in%net%power%from%a%550%MW%plant,%
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I)*>!'H*0&5*>0'$.U2$0&*(.*:(&:$&'.0'$<*)(2E$&'*)5)'$9Q*(&$*0''.!1-'$*(%*'H$*?@DF@G)*
)5)'$9*!)*'(*.$<-:$*'H$*09(-&'*(%*>0'$.*:0..!$<*15*'H$*)(2E$&'*!&*(.<$.*'(*.$9(E$*'H$*<-'5*(%*
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6(>$.*620&')*'(*$O62(!'*'H$*2(>$.*)6$:!%!:*H$0')*(%*(.,0&!:)*!&*(.<$.*'(*<$:.$0)$*.$1(!2$.*<-'5"**
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/H$*%!.)'U,$&$.0'!(&*?@DF@G)*J<$)!,&$<*15*x$))(6K*>$.$*0*<-02*:(96(&$&'*9!O'-.$*(%*0*
10)$*0&<*0&*02:(H(2Q*0&<*>$.$*W-!:R25*6.(E$&*!96.0:'!:02*<-$*'(*H!,H*$E06(.0'!E$*2())$)"*A%%(.')*
>$.$*90<$*'(*.$<-:$*'H$*E(20'!2!'5*15*:(&B(!&!&,*'H$*02:(H(2*0&<*10)$*'(,$'H$.*!&'(*0*)!&,2$*
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)(2E$&'*0:H!$E$<*,.$0'25*.$<-:$<*E(20'!2!'5"DQN**/H$.9(<5&09!:0225*)6$0R!&,Q*'H$*>$0R$.*09!<!&$*
10)$)*H0E$*0*H$0'*(%*.$0:'!(&*y\c*RxL9(2*1-'*0.$*10.$25*:06012$*(%*acp*?@D*:06'-.$"*+(.*'H!)*
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9%5"1')A-)M'O'1:%#;')"/&0f')*3)F7G)#6)&L')<;f02*;5"02%(%2')dXe)

/H$*01)(.6'!(&*(%*?@D*15*'H$*02R0&(2,-0&!<!&$*!)*6.(6()$<*'(*1$,!&*>!'H*<!%%-)!(&*(%*?@DJ,K*
!&'(*'H$*F@G*JAW-0'!(&*D"3K"*/H$*&(>*<!))(2E$<*?@DJ<K*!&)$.')*!&'(*'H$*@U^*1(&<*(%*'H$*02:(H(2*
9(!$'5Q*>H!:H*'H$&*6.(<-:$)*0&*02R52:0.1(&!:*0:!<*F@GU@?@D^*JAW-0'!(&*D"DK"*/H!)*
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?@D"*/H$*<!))(2E$<*?@D*<!%%-)$)*(-'*(%*)(2-'!(&*!&'(*'H$*,0)*6H0)$*J.$E$.)$*(%*AW-0'!(&*D"3K*'(*
:(962$'$*'H$*:5:2$"*

* ?@DJ,K*!*?@DJ<K* JD"3K*

* ?@DJ<K*Y*F@G*!*F@GU@?@D^* JD"DK*

* F@GU@?@D^*!*?@DF@G* JD"NK*

* ?@DF@G*!*F@G*Y*?@DJ<K** JD"TK*

?#2:$%8;%+0'+5'*+<-$%;)'3&%0,'D22%2;#1'=#,#0#$-;%+0'E*3D=F'

/H$*<!)'!&:'!E$*6(20.!'5*:H0&,$*(%*)>!':H012$*!(&!:*2!W-!<)*)-:H*0)*?@DF@G)*6.(E!<$)*0*
-&!W-$*90'$.!02*6.(6$.'5*'(*$O62(!'*%(.*?@D*.$2$0)$"

[**/H$*.$E$.)!12$*:(&E$.)!(&*(%*0*&(&U6(20.*
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[*I*9(.$*
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9%5"1')B-)H;*8f)9;*=).%0510$)3*1)F7GH7IWC!<M)C1*8'::)
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!"#$ !"#$ !%&'()*)"#$ !+,+$ !'-&.'(.%$ !'-&.'-&$ !/0$ !1.//$ !"#$

23*2 33*4 (*536 5*57 5*558955 (*5) (:*(2 5*;43 2(*:

2<*2 ;)*: 2*5:4 44*67 2*;28,5: 2*4: 26*;4 5*4(; 2)*)

2<*6 ;5*4 :*<:6 44*67 2*;28,5: 2*46 25*3( 5*4(2 2)*5

2<*: ;5*: 2*:<) 44*:7 :*3(8,5: 2*4: :(*:6 5*424 2)*6

2;*5 3:*) (*(66 44*)7 :*358,5: 2*4: 33*4< 5*4:2 2(*<

2<*6 ;5*; 2*6:4 44*:7 :*3(8,5: 2*46 66*2) 5*42; 2)*(

62*( 3:*6 :*5<2 4;*<7 )*268,56 2*4< ;*25 )*546 32*<

66*6 3<*6 :*5<) 43*27 )*3<8,56 (*44 )5*2; )*5:; 32*:

6<*5 3:*2 :*5<) ;2*37 (*(38,56 )*44 )3*<< 5*4(; 3(*(

6:*) 3:*4 3*5<5 ;3*67 (*238,56 )*4; )(*(6 5*4)3 3(*3

64*2 3<*; <*5<: ;5*37 2*(;8,56 )*2( )3*<3 5*;3; 3(*5

6:*( 3<*) <*535 46*:7 )*(48,56 2*4( )3*2) 5*45( <3*4

6<*< 36*; <*5<< ;)*67 (*()8,56 )*2( ()*32 5*4)) <<*:
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23*( 45*) 5*35( 66*57 2*5)8,39 :*6; (2*;6 3*636 2:*3
23*9 45*3 5*35( 66*47 5*;28,39 :*:9 (2*)3 3*6)( 2(*:
23*6 49*9 5*394 66*27 6*348,39 :*(; (9*24 3*6)( 2)*6
2)*; 49*3 5*399 69*97 )*368,32 :*)6 (5*(4 3*6)( 2)*6
2(*; 42*9 5*395 63*;7 )*(28,32 :*)) (5*(5 3*6)) 2:*:
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Figure'41.!Process'Flow'Diagram'–'Absorption'System
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Figure'42.'Process'Flow'Diagram'–'Stripping'System!
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Figure'43.'!Process'Flow'Diagram'–'Compression'System!
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Post FGD 
Flue Gas

Treated Flue 
Gas from 

DCC

Excess 
Condensate 

from FG 

Flue Gas to 
Absorber

Absorber 
Stack Vent 

to Atm

Lean Solvent 
to Absorber

Stream Number 1 2 3 4 5 6
Temperature (°F) 136 47 119 74 90 95
Pressure (psia) 14.9 14.5 50.0 16.7 14.9 50.0
Components MW vol% vol% wt% vol% vol% wt%

H2O 18.02 15.4% 1.1% 100.0% 1.1% 0.5% 4.1%
CO2 44.01 13.5% 15.8% 0.0% 15.8% 1.8% 1.9%

N2 28.02 67.9% 79.4% 0.0% 79.4% 93.3% 0.0%
O2 32.00 2.4% 2.8% 0.0% 2.8% 3.3% 0.0%
Ar 39.95 0.8% 0.9% 0.0% 0.9% 1.1% 0.0%

Solvent 171.24 0.0% 0.0% 0.0% 0.0% 0.0% 93.7%
Anti-solvent 226.45 0.0% 0.0% 0.0% 0.0% 20.8% 0.2%

Total Flow (lbmol/hr) 122,856 105,134 17,722 105,134 89,504 108,588
Total Flow (lb/hr) 3,541,660 3,222,350 319,310 3,222,350 2,552,741 13,207,343
Molecular Weight 28.8 30.7 18.0 30.7 28.5 121.6
Density (lb/ft3) 0.07 0.08 61.73 0.09 0.07 64.60
Liquid Flow (gpm) - - 645 - - 25491
Vapor Flow (ACFM) 877,164 656,052 - 600,050 586,449 -

Absorber 
Intercooler 

Draw

Absorber 
Intercooler 

Return

Rich Solvent 
from 

Absorber

Rich Solvent 
to Stripper

Low-Press 
CO2 to 

Compressor

Lean Solvent 
from Stripper

Stream Number 7 8 9 10 11 12
Temperature (°F) 126 90 130 201 104 219
Pressure (psia) 16.3 50.0 16.5 24.5 24.3 27.0
Components MW wt% wt% wt% wt% vol% wt%

H2O 18.02 3.1% 3.1% 4.0% 1.2% 4.5% 1.2%
CO2 44.01 0.0% 0.0% 6.6% 1.9% 95.5% 0.6%

N2 28.02 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
O2 32.00 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Ar 39.95 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Solvent 171.24 96.7% 96.7% 89.2% 26.6% 0.0% 27.0%
Anti-solvent 226.45 0.3% 0.3% 0.2% 70.3% 0.0% 71.3%

Total Flow (lbmol/hr) 70,008 70,008 124,218 272,017 15,630 256,387
Total Flow (lb/hr) 9,508,088 9,508,088 13,877,038 47,204,862 669,695 46,535,167
Molecular Weight 135.8 111.7 173.5 42.8 181.5 225.5
Density (lb/ft3) 63.1 63.8 62.9 48.6 0.2 48.5
Liquid Flow (gpm) 18,780 18,570 27,507 121,209 - 119,706
Vapor Flow (ACFM) - - - - 64,489 -

Anti-solvent 
to Cross 

Exchanger

LP Steam 
Supply

LP Steam 
Condensate 

Return
CO2 Product

Stream Number 12A 13 14 15
Temperature (°F) 160 565 235 95
Pressure (psia) 71.1 73.5 65.0 2215.0
Components MW wt% vol% vol% vol%

H2O 18.02 0.0% 100.0% 100.0% 0.0%
CO2 44.01 0.0% 0.0% 0.0% 100.0%

N2 28.02 0.0% 0.0% 0.0% 0.0%
O2 32.00 0.0% 0.0% 0.0% 0.0%
Ar 39.95 0.0% 0.0% 0.0% 0.0%

Solvent 171.24 0.5% 0.0% 0.0% 0.0%
Anti-solvent 226.45 99.5% 0.0% 0.0% 0.0%

Total Flow (lbmol/hr) 147,798 36,500 36,500 14,930
Total Flow (lb/hr) 33,327,708 657,540 657,540 657,065
Molecular Weight 225.5 18.0 18.0 44.0
Density (lb/ft3) 46 51
Liquid Flow (gpm) 89,888 Supercritical
Vapor Flow (ACFM) - Supercritical

Stream Description

Stream Description

Stream Description
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