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Scientific/Technical Merit 
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Background on the Proposed Technology 
and its Scientific/Technical Merit 

 The hybrid sorption CACHYS process uses a 
regenerable alkali carbonate-based sorbent 
for CO2 capture 

 
 Initial testing of the concepts was conducted 

as part of a DOE STTR project conducted by 
Envergex and UND 
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CACHYSTM Hybrid Sorption Process 

 Sorbents prepared from bulk commodity materials – low cost target 
 Key component – metal  carbonate salt 
 Reacts with CO2 to form adduct. Reversible with the addition of heat 
 Enhanced adsorption kinetics and reduced regeneration energy 



Project Schedule – BP 1 
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TECHNICAL SUMMARY FOR 
BUDGET PERIOD 1 
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Task 1 - Project Management and 
Planning 

Subtask 1.1 – Project Management and Planning  
• The Project Management Plan submitted at the initiation of 

the project and was revised to include Barr Engineering  
• Project meetings and conference calls including UND and 

selected subcontractors held weekly to biweekly.  
Subtask 1.2 – Briefings and Reports 
•  A project kick-off meeting at NETL in Pittsburgh was held on 

November 21, 2011.  
• Presentation describing the project and results of the project 

at the recent CO2 Capture Technology conference held in 
Pittsburgh during the week of July 9-12, 2012.  
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Task 2 - Initial Technology and 
Economic Feasibility Study 

• Subtask 2.1 – Detailed Process Description 
• Subtask 2.2 - Process Modeling and 

Equipment Design 
• Subtask 2.3 - Equipment Design 
• Subtask 2.4 – Preliminary Technical and 

Economic Analysis  
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Subtask 2.1 – Detailed Process 
Description 

• Main Elements of the CACHYSTM Process 
– Adsorber: operating conditions for enhanced reaction kinetics and low 

heats of adsorption 
– Sorbent: high CO2 capacity, physically compatible with reactor 

operation, composition for enhanced kinetics and low heat of 
adsorption 

– Regenerator: reactor modules operated under conditions to minimize 
heat of regeneration 

– Regenerated gas condenser and CO2 separation 
– CO2 compression 
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Subtask 2.2 - Process Modeling and 
Equipment Design 

 
• Used ASPEN Plus software for CACHYS process 

model 
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Block Flow Diagram 
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Selected Stream Table Data 
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Stream Number 1 2 3 4 5 6 7 8

Identity
Flue Gas Pressurized Flue Gas Spent Sorbent and  CO2 

lean Flue Gas
CO2 Lean Flue Gas CO2 Lean Flue Gas to Stack Separated Spent Sorbent Recycled Sorbent Sorbent Fines Balance 

to Regenerator
Flow [lbm/hr 6517745 6517745 20079737 5817935 5441142 14694916 1469492 376793

Temp [°F] 136 159 186 185 185 185 185 185
Pressure [psia] 14.7 16.9 14.7 14.7 14.7 14.7 14.7 14.7

Stream Number 9 10 11 12 13 14 15 16

Identity
Fresh Sorbent Total Sorbent to Adsorber  Spent Sorbent to 

Regenerator
Regenerated Sorbent Sorbent Bleed Total Flashed liquids after 

Stage 4 Compression
Compressed Liquid  CO2 

Stream
Pumped CO2 Stream

Flow [lbm/hr 20000 13995105 13225424 11978715 20000 30803 1204047 1204047
Temp [°F] 136 138 185 136 136 86 86 87

Pressure [psia] 14.7 14.7 14.7 14.7 14.7 103 1124 2214

Q1 Q2 Q3 W1 W2 W3
-897.7 100.59 169.67 -15094 -1837 -1837

MMBTU/hr MMBTU/hr MMBTU/hr hp hp hp

W4 W5 W6

Heat Recovery From 
Regenerator in Form of  

Power 
Heat Duty for 
Regeneration

CO2 Captured and 
Compressed

Heat Duty for 
Regeneration

19392 -51493 -2891 14460.6 897.7 27358.5 12420753.0 76.20
hp hp hp kW MMBTU/hr lbmol CO2/hr mol CO2/hr kJ/mol CO2



Subtask 2.3 - Equipment Design 

1. Flue Gas Cleanup  
2. Sorbent Regeneration 
3. Gas Preconditioning and Compression Train 
4. Sorbent Handling 
5. Waste Sorbent Recovery and Handling 
6. Balance of Plant Equipment 
7. Electrical 
8. Instrumentation and Controls 
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Subtask 2.4 – Preliminary Technical 
and Economic Analysis  

• EconoamineTM-based system for carbon 
capture used for baseline comparison (DOE 
Report) 

• Case 12 supercritical pulverized coal fired 
boiler with net output of 550MWe 
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CACHYSTM Process Plant 
Performance Summary 

  Case 12 CACHYS™ 
Steam Turbine Power (kW) 662,880 773,200 

                                                                    Auxiliary Load Summary (kW) 
Total Power Block (kW) 47,340 47,800 
      
CO2 System 65,490 55,000 
      
Total Auxiliary Use (kW) 112,830 102,800 
      
Net Power (kW) 549,970 670,400 
      
Net Plant Efficiency 28.4% 34.6% 
      
Net Plant Heat Rate (HHV)  
(BTU/kWh) 

12,002 9,859 
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CACHYSTM Heat Duty Summary 

PFD Identifier Pressure (psia) Temperature 
(°F) 

Heat Duty 
(MMBtu/hr) 

Q1 134.9 687.5 897.6 

Case 12-
Econoamine 
Process 

75.0 556.3 2335.0 
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Total Plant Cost Summary for the 
CACHYSTM System 
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Annual Operating and Maintenance 
Costs for the CACHYSTM Process 

Category Cost per year 

Personnel $2,723,000 

Maintenance Materials $1,380,000 

Sorbent $29,784,000 
Assumption -  
No revenue from sale of used sorbent 
Total $33,887,000 
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Summary of the Levelized Cost of 
Steam and Electricity 

  Base Case 
FOA 
Appendix 3 

Case 11 
DOE 
Report 

Case 12 
FOA 
Appendix 3 

CACHYS™ 
FOA Appendix 3 
  

% Increase Over 
Base Case FOA 
Appendix 3 

Electricity 
(mills/kWh) 

64.0 74.7 132.3 95.1 48.6 

Steam ($/1,000 lbs) 5.8 NA 12.1 8.7 48.5 
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Cost of CO2 Capture Summary Base Case -
773 MWe Gross (with Zero Value Spent 

Sorbent) 
  CACHYS™ Base Case (Value For 

Spent Sorbent)  

Cost Per Year 

CACHYS™ Base Case (Zero 

Value For Spent 

Sorbent)Cost Per Year 

Total O&M  $18,995,000 $33,887,000 

Capital Charge $117,740,000 $117,740,000 

Total Cost $136,735,000 $151,627,000 

  Tons Per Year Tons Per Year 

CO2 Captured  4,405,200 4,405,200 

  Cost Per Ton Cost Per Ton 

Cost of CO2 Capture  $31.04 $34.42 
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Cost of CO2 Capture Summary 550 MWe 
Net (with Zero Value Spent Sorbent) 

  550 MW Sensitivity Case – 

Value for Spent Sorbent 

Zero Value for Spent 

Sorbent 

Cost Per Year 

Total O&M  $16,072,000 $28,290,000 

Capital Charge $102,504,000 $102,504,000 

Total Cost $118,577,000 $130,794,000 

  Tons Per Year Tons Per Year 

CO2 Captured  3,614,000 3,614,000 

  Cost Per Ton Cost Per Ton 

Cost of CO2 Capture  $32.81 $36.19 
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Task 3 - Determination of Hybrid 
Sorbent Performance Metrics 

• Subtask 3.1- Sorbent Formulation and 
Selection  

• Subtask 3.2 - Bench-scale testing of sorbents 
using TGA/DSC   

• Subtask 3.3 – Determination of Sorbent 
Physical Properties  

• Subtask 3.4.  Fixed-Bed Reactor Testing  
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Linseis TGA-DSC Instrument 
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Adsorption-Desorption: Linseis 
TGA/DSC Run 
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HCK2 TGA/DSC adsorption energy data  
(A-F represent different cycles) 
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HCK2 TGA/DSC desorption energy data  
(A-D represent different cycles) 
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Components 

A Mass Flow Controllers 

B Bubbler 

C Air Preheater 

D Steam Generator 

E Reactor 

F Condenser 

G Water Knockout Drum 

H 5 Gas Analyzer 

I Manual Steam Control #1 

J Manual Steam Control #2 

T1 Thermocouple – Air In 

T2 Thermocouple – Reactor Wall 

T3 Thermocouple – Air Out 

P1 Pressure Transducer  (Bottom) 

P2 Pressure Transducer (Top) 

A 
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Components 

A Mass Flow Controllers 

B Bubbler 

C Air Preheater 

D Steam Generator 

E Reactor 

F Condenser 

G Water Knockout Drum 

H 5 Gas Analyzer 

I Manual Steam Control #1 

J Manual Steam Control #2 

T1 Thermocouple – Air In 

T2 Thermocouple – Reactor Wall 

T3 Thermocouple – Air Out 
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P2 Pressure Transducer (Top) 

Subtask 3.4.  Fixed-Bed Reactor 
Testing  



Fixed Bed Reactor 
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Typical adsorption cycle 
(fixed/bubbling bed testing) 
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Typical desorption cycle 
(fixed/bubbling bed testing) 
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Adsorption loadings for sorbents 
tested 

  

Test 
Number Sorbent 

Total 
Cycles 

Average 
Adsorption 

(g CO2)* 

Normalized Average 
Adsorption** 

(g CO2 / 100 g pure sorbent) 
1 HCK-1 4 5.5 7.1 
2 HCK-2 5 6.5 7.1 
3 Used HCK-1 5 8.0 9.0 
4 HCK-4 5 6.7 7.1 
5 HCK-5 6 7.6 9.2 
6 HCK-6 6 7.3 8.4 
7 HCK-7 6 6.6 8.3 
8 HCK-7 7 7.7 9.1 

*    Does not include the first cycle 
** Calculated using TGA/DSC analyses   
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CO2 adsorption amounts for multiple 
cycles with HCK-5 sorbent 
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Sorbent Selection For Continued 
Evaluation  

• HCK-4 sorbent averaged 7.1 g CO2 and was 
consistently in the range of 6.8 – 7.4 g CO2 per 
100 grams of sorbent.   

• HCK-7 sorbent averaged 9.1 g CO2 (capacities 
as high as 10.0 g CO2) per 100 grams of 
sorbent.  
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Adsorption loadings for multiple 
cycles of HCK-4 sorbent 
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Adsorption loadings for multiple 
cycles of HCK-7 sorbent 
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Project Schedule – BP 1 
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Milestone Log for Budget Period 1 

ID 

  
  
Task Title/Description 

Planned 
Completion 
Date 

Actual 
Completion 
Date Verification Method 

a 1 Submit Project Management Plan 10/31/2011 10/28/2011 Project Management Plan file 

b 1 Complete Kick-off Meeting 11/21/2011 11/21/2011 Briefing Document & Meeting 
Results 

c 2 Complete Preliminary Technical and 
Economic Feasibility Study 8/15/2012 8/15/2012 Topical Report file 

d 3 

Complete pressurized thermogravimetric 
analysis (TGA) and differential scanning 
calorimetry (DSC) testing of  5 sorbent 
formulations 

7/31/2012 7/31/2012 Results reported in the quarterly 
report 

e 3 Down-select to two optimal sorbent 
formulations for fixed-bed testing 8/15/2012 8/15/2012 Results reported in the quarterly 

report 

f 3 
Complete fixed-bed testing of the 
CACHYS™ process with two optimal 
sorbent formulations 

9/30/2012   Results reported in the quarterly 
report 

g 3 

Determine the optimal process 
operating conditions, including 
temperature and pressure of the 
adsorber and regenerator units, for low 
energy operation 

9/30/2012   Results reported in the quarterly 
report 
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Decision Points and Success Criteria 

40 

Decision 
Point Basis for Decision/Success Criteria 

 
 
Completion 
of  
Budget 
Period 1  
Year 1 
  
  
  

1. Successful completion of all work proposed in Budget Period 1 
2. Demonstrate sorbent CO2 equilibrium capacity of greater than 70 g 

of CO2/kg of sorbent - CACHYSTM sorbents have capacities that 
range from 70 to 100 g CO2/kg sorbent. 

3. Demonstrate a heat of sorption of 80 kJ/mole of CO2 or less  - 
desorption energies ranged from 30 to 80 kJ/mole of CO2 

4. Submission of a Topical Report – Preliminary Technical and 
Economic Feasibility Study  - Draft submitted and updated 

5. Submission/approval of a Continuation Application to DOE – Draft 
submitted, and updated 



Budget Summary BP - 1 
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Budget exp to date 09/04/2012 expense balance 9/30 Budget exp to date 09/04/2012 expense balance 9/30
Personnel $296,588 $173,361 $123,227 $83,800 $39,427 $46,396 $31,143 $15,253 $10,264 $4,989
Fringe Benefits $93,088 $52,164 $40,924 $29,330 $11,594 $17,024 $8,113 $8,911 $2,052 $6,859
Travel $8,340 $317 $8,023 $0 $8,023 $11,613 $4,633 $6,980 $6,980 $0
Equipment $52,247 $51,907 $340 $0 $340 $157,753 $141,493 $16,260 $0 $16,260
Supplies $3,593 $3,593 $0 $0 $10,750 $1,740 $9,010 $5,000 $4,010
Contractual $461,755 $74,157 $387,598 $277,598 $110,000 $0 $0 $0
Construction/UND CS $0 $0 $0 $0 $0 $0
Other $31,031 $18,476 $12,555 $0 $12,555 $15,283 $0 $15,283 $5,000 $10,283
Total Direct Charges $946,642 $373,975 $572,667 $390,728 $181,939 $258,819 $187,123 $71,696 $29,296 $42,400
Indirect Charges $182,263 $103,706 $78,557 $51,349 $27,208 $38,406 $17,340 $21,066 $11,132 $16,112
Totals $1,128,905 $477,681 $651,224 $442,077 $209,147 $297,225 $204,462 $92,763 $40,428 $58,512

Federal Cost Share



BUDGET PERIOD 2 
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Technical Approach and Project Scope 
Budget Period 2 (10/1/12 – 9/30/13) – I 

Added Work – funds from BP-1 
 Task 4.  Bench-Scale Process Design 

– Subtask 4.1 – Bench-Scale Adsorber Design  
– Subtask 4.2 – Bench-Scale Regenerator Design 
– Subtask 4.3 – Cycling and Sorbent Transport Testing 
– Subtask 4.4 – Recycle Sorbent Feed System Design 

 Task 5.  Bench-Scale Process Procurement and Construction 
– Subtask 5.1 - Bench-Scale Process Procurement  
– Subtask 5.2 – Bench-Scale Adsorber Construction  
– Subtask 5.3 – Bench-Scale Regenerator Construction (includes recycle 

system) 
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Technical Approach and Project Scope 
Budget Period 2 (10/1/12 – 9/30/13) - II 

 Task 6.  Initial Operation of the Bench-Scale Unit 
– Subtask 6.1 Bench-Scale Shakedown Testing 
– Subtask 6.2 Bench-Scale Process Optimization  
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Technical Approach and Project Scope 
Budget Period 2 (10/1/12 – 9/30/13) - III 
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 Purpose of Tasks 4-6: Process design of bench scale system as 
well as construction and shakedown testing of adsorption and 
desorption system 
 Process design of bench-scale adsorption and regenerator systems 
 Construction and installation of flue gas handling, adsorber and 

regenerator systems 
 Shakedown testing as well as optimization of flue gas handling, adsorber 

and regenerator systems 

 This work will be conducted by UND, Solex Thermal and 
Envergex LLC, Barr Engineering 

 

 
 

 



Schedule – Budget Period 2 
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Budget – BP-2  
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Budget Period 2 Costs
Category Task No. 1.0 Task No. 2.0 Task No. 3.0 Task No. 4.0 Task No. 5.0 Task No. 6.0 Task No. 7.0 Task 8.0 Total 

Personnel 59,926 98,627 112,418 97,296 368,267
Fringe Benefits 19,755 29,571 36,098 28,496 113,920
Travel 18,842 693 19,535
Equipment 213,011 213,011
Supplies 1,848 1,224 3,072
Construction 0
Other Direct Costs 18,000 4,400 22,400
ENVERGEX 69,837 95,832 80,447 41,407 287,523
BARR ENGINEERING 20,000 20,000
SOLEX THERMAL 34,000 178,240 28,760 241,000
Total Subcontractors 69,837 149,832 258,687 70,167 548,523
Total Direct Charges 188,208 278,030 620,214 202,276 1,288,728
Indirect Charges 38,141 58,215 56,436 39,273 192,065
TOTAL AWARD BUDGET 226,349 336,245 676,650 241,549 1,480,793



Schedule and Milestones  
Budget Period 2 

ID 
 

  
  

Task 
 

Title/Description 
 

Planned 
Completion 

Date 

Actual 
Completion 

Date 
Verification Method 

 

h 4 
Complete bench-scale unit column 
design utilizing a refined mass and 
energy balance of the CACHYS™ process 

12/31/2012   Results reported in the quarterly 
report 

i 5 Bench-scale unit engineering design 
package released for bid 1/15/2013   

Bid package is submitted to system 
integrator/fabricator and submitted 
to NETL for record 

j 5 Complete bench-scale unit construction  7/30/2013   Results reported in the quarterly 
report 

k 6 
Complete shakedown testing of the flue 
gas sampling and conditioning system, 
as well as the adsorber and regenerator 

9/15/2013   Results reported in the quarterly 
report 

l 6 Submit a test matrix for the bench-scale 
parametric test campaign 9/30/2013   Results reported in the quarterly 

report 
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Decision Points and Success Criteria 
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Decision Point Basis for Decision/Success Criteria 
 
 
Completion of  
Budget Period 1  
Year 1 
  
  
  

1. Successful completion of all work proposed in Budget Period 1. 
2. Demonstrate sorbent CO2 equilibrium capacity of greater than 70 gm of CO2/kg of 

sorbent 
3. Demonstrate a heat of sorption of 80 kJ/mole of CO2 or less 

4. Submission of a Topical Report – Preliminary Technical and Economic Feasibility Study 

5. Submission/approval of a Continuation Application to DOE 

Completion of  
Budget Period 2 
Year 2 
  
  

1. Successful completion of all work proposed in Budget Period 2. 
2. Submission of a bench-scale engineering design package 
3. Complete construction of a bench-scale CACHYS™ system 

4. Submission of a test matrix for the bench-scale testing campaign 

5. Submission/approval of a Continuation Application to DOE 

End of Project 
Year 3 

1. Successful completion of all work proposed. 
2. Complete continuous testing of integrated bench-scale CACHYS™ process for  1 month 
3. Submission of a Topical Report  - Final Technical and Economic Feasibility Study 

4. Submission of a Topical Report – Preliminary EH&S Assessment 

5. Submission of a Final Report 



Contact Information 

Steven A. Benson, Ph.D. 
Institute for Energy Studies, University of North Dakota 

(701) 777-5177; Mobile: (701) 213-7070 
steve.benson@engr.und.edu 

Srivats Srinivasachar, D.Sc. 
Envergex LLC 

(508) 347-2933; Mobile: (508) 479-3784 
srivats.srinivasachar@envergex.com 
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