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ABSTRACT
*
 

The feasibility of utilizing poly(ether ether ketone), or PEEK, hollow fiber membrane 

contactor for CO2-loaded solvent regeneration has been established. We have been 

constructing modules with both super-hydrophobic and porous PEEK membranes for 

membrane desorber studies. A laboratory test unit for evaluating the solvent regeneration 

step in a membrane contactor configuration has been designed and constructed at GTI. 

Using this unit, membrane contactor-based CO2 stripping experiments have been 

demonstrated in four modes including three modes utilized the super-hydrophobic 

membrane and one mode using a porous hydrophilic membrane configuration. The 

highest CO2 stripping rate observed to date in the regeneration of 8 wt% CO2-loaded 

activated Methyl Diethanolamine (aMDEA) solvent was 4.1 kg/min/m
2
 utilizing Mode 4. 

This is an order of magnitude faster than absorption rates. The CO2 purity was 97% (the 

balance condensable water), exceeding the target of 95%.  

Membrane absorber stability at process design conditions was investigated by 

continuously performing CO2 capture through a membrane module with aMDEA solvent 

for 120 hours. The CO2 removal rate was greater than 90% during the time investigated 

(120 hours). The membrane module showed good mechanical properties and stable 

permeation properties. Initial performance stability evaluation for the membrane desorber 

has been conducted. No significant dimensional changes were observed for a module that 

has been periodically used in the aMDEA solvent regeneration for 7 different times with 

a total operation time of > 35 hours. We have completed the construction of the 

bench-scale system that consists of an absorption membrane module, a stripper 

membrane module, and an additional conventional steam stripping section. A membrane 

contactor process model considering gas phase mass transfer coefficient, membrane 

phase mass transfer coefficient, and liquid phase mass transfer coefficient has been 

developed. Good agreement between the model and experiments was obtained. The 

updated economic evaluation based on membrane absorber and desorber testing to date 

indicates a 54% increase in cost of electricity (COE).  
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EXECUTIVE SUMMARY
*
 

The feasibility of utilizing super-hydrophobic and hydrophilic nano-porous poly (ether 

ether ketone) (PEEK) hollow fiber membrane contactors for CO2-loaded solvent 

regeneration has been established. Technical progress has been made for Tasks 6-11.  

Task 6: Modules with both super-hydrophobic and porous PEEK membranes for 

membrane desorber study have been constructed. A specific type of o-ring and an E-8 

epoxy formulation have been down selected for regeneration module construction. The 

membrane formulation and preparation procedures have been optimized based on the 

regeneration test results.  

Task 7: A laboratory test unit that allows for the evaluation of the solvent regeneration 

step in a membrane contactor configuration and CO2 collection at elevated pressures has 

been designed and constructed. Similar to the membrane absorber unit which was 

constructed in Phase I study, the membrane desorber unit uses National Instrument 

process control and data acquisition with safety guards for temperature, pressure, and 

liquid levels. 

Task 8: Membrane contactor stability at process design conditions was investigated by 

continuously performing CO2 capture through a membrane module with activated Methyl 

Diethanolamine (aMDEA) solvent for 120 hours. The membrane absorber and 

regeneration tower have been integrated so that the CO2 loading of lean solvent remained 

low and constant throughout the experiment. During the period, the pressure drops were 

stable for both gas side (< 0.7 psi) and liquid side (< 6 psi). The CO2 removal rate was 

greater than 90% for the duration of the experiment (120 hours). We have also tested the 

membrane intrinsic CO2 and N2 permeances periodically to determine the rate of 

degradation. Mechanical properties and permeation properties of module 2PG283 have not 

changed after the following runs:  

1) Being used for CO2 capture for a feed that contains 66 ppmv NO2, 3.27% O2, 12.98% 

CO2, and balance N2; 

2) 124 hours of CO2 capture with aMDEA solvent where the rich solvent was 

recirculated to the feed drum without regeneration; 

3) Being in continuous contact with aMDEA solvent for 55 days; and  

4) 120 hours of CO2 capture with aMDEA solvent in an integrated membrane 

absorber/regeneration system.  

Task 9: Membrane contactor-based CO2 stripping experiments have been demonstrated in 

four modes including three modes utilized the super-hydrophobic membrane: 1) using N2 

as sweep gas; 2) using steam as a sweep; and 3) regeneration without sweep; and 4) one 
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mode using a porous hydrophilic membrane configuration. The highest CO2 stripping rate 

observed so far in the regeneration of 8 wt% CO2-loaded aMDEA solvent was 4.1 

kg/min/m
2
 utilizing Mode 4. This is an order of magnitude faster than absorption rates. The 

CO2 purity was 97% (the balance condensable water), exceeding the target of 95%. The 

membrane desorber is also effective for the regeneration of a CO2-loaded activated K2CO3 

solvent.  

Task 10: The manufacturing scale-up of high permeability membranes with larger 

dimension bore fiber has been addressed. At GTI, we have completed the construction of 

the bench-scale system that consists of an absorption membrane module, a stripper 

membrane module, and an additional conventional steam stripping column. The 

conventional stripping column allows independent testing of the absorber and serves as a 

backup for the regeneration process in the event membrane desorber performance is below 

expectation. The tubes, pipes, valves, fittings, filters, temperature transducers, pressure 

transducers, pressure gauges, pressure drop transducers, and sample lines are all in place 

for 25 kWe equivalent CO2 capture (50 lb/h of CO2). Equipment/instrument modifications 

required for the scale up before we move the system to Midwest Generation’s Joliet Power 

Station for field testing have been justified. 

Task 11: Aspen Plus simulations were used for the estimation of equilibrium CO2 

loading in the solvents of interest. A membrane contactor process model considering gas 

phase mass transfer coefficient, membrane phase mass transfer coefficient, and liquid 

phase mass transfer coefficient has been developed. Good agreement between the model 

and experiments was obtained. The updated economic evaluation based on membrane 

absorber and desorber testing so far indicates a 54% increase in COE.  

Besides Phase II Tasks 6-11, we have also performed other activities in order to bring the 

promising technology to commercialization earlier. We have tested an advanced solvent: 

H3-1 (from Hitachi) which is known to have a lower regeneration energy consumption 

than aMDEA. Our membrane absorption testing indicated it has CO2 capture 

performance at least comparable to aMDEA solvent. This indicates that the projected 

savings achievable with H3-1 can be increased by the use the PEEK contactor.  

In regard to the milestones for Phase II of this project, all milestone have been successfully 

completed, and progress notes are listed in Table 1. In summary, the main objectives of 

Phase II program have been met and results attained to date will provide a strong 

springboard for successful completion of Phase III of this program and ultimate 

commercial use of the technology for carbon capture at power plants utilizing Illinois 

coals. 
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Table 1. The completion of milestones for Phase II program. 

Milestone 

Number 

Title or Brief 

Milestone Description 

Completion Date 

Progress Notes Original 

Planned 

Revised 

Planned 
Actual 

Percent 

Complete 

7 
Submit year one 

report 
12/31/11  12/31/11 100 

Report has been issued on 

time 

8 

Initial 2-inch module 

for regeneration 

designed and 

fabricated for testing. 

01/31/12  01/31/12 100 

GTI have tested these 

modules. Both 

super-hydrophobic and 

hydrophilic nano-porous 

hollow fiber membrane 

modules worked well for 

solvent regeneration. 

9 

Regeneration testing 

system designed, 

constructed and 

completed 

commissioning 

testing 

01/31/12  01/31/12 100 

A laboratory test unit that 

allows for the evaluation of 

the solvent regeneration step 

in a membrane contactor 

configuration has been 

designed and constructed at 

GTI. 

10 

Achieve 95% CO2 

purity during 

regeneration 

laboratory testing. 

Obtain an overall 

volumetric mass 

transfer coefficient 

greater or equal to 

1.5 and 1.0 (sec)
-1

 for 

absorption, and 

regeneration, 

respectively. 

08/31/12  06/30/12 100 

Achieved 97% CO2 purity 

during regeneration 

laboratory testing. Obtained 

an overall volumetric mass 

transfer coefficient of 1.7 

(sec)
-1

 for absorption in Phase 

I (see Phase I annual report). 

Obtained one order of 

magnitude higher CO2 

stripping flux than CO2 

absorption flux.  

11 

Issue field test unit 

design package for 

system construction.  

09/30/12  09/30/12 100 

Completed as we have 

designed and constructed the 

bench-scaled unit in which 

only minor changes for 

equipment/instrument are 

required for field test. 

12 

Issue refined process 

design and economic 

evaluation reports 

using second period 

test results 

09/30/12  09/30/12 100 

Completed as we updated the 

economic evaluation based on 

the membrane absorber and 

membrane desorber lab 

testing results so far. 

13 
Submit year two 

report 
12/31/12  12/31/12 100 

Completed and the Report 

will be issued on time 
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OBJECTIVES 

The Phase II objective was to develop an energy efficient regeneration process enabling 

the collection of sequestration-ready CO2 at elevated pressures. The tasks include 

construction of high temperature contactor regeneration test system, fabrication of 

membrane contactor modules tailored for high temperature operation; testing of the 

contactor regeneration process stability and sensitivity to process variables; and 

membrane contactor stability and life cycle assessment. Additional tasks of Phase II work 

are the design of a bench-scale test unit and initiation of planning process for the 

proposed membrane contactor technology field test at a pulverized coal power plant site; 

and refinement of the process economics based on the laboratory test data. 

INTRODUCTION AND BACKGROUND 

The membrane contactor technology is a hybrid membrane/absorption process that takes 

advantages of both the compact nature of the membrane process and the high selectivity 

of the absorption process. Conventional membrane process operates by a 

solution/diffusion mechanism and the separation driving force is provided by the partial 

pressure difference of each component across the membrane. This process requires either 

flue gas compression, permeate sweep, application of permeate side vacuum, or 

combination of these steps to provide the separation driving force required. Elaborate 

process design and optimization becomes a prerequisite for conventional membrane 

processes in CO2 capture from flue gases [1]. The main limitation of conventional 

membrane processes is the process pressure ratio (feed gas pressure/permeate gas 

pressure) limitation. The available CO2 pressure ratio in a coal powered flue gas is only 

about 3 (limited by economies of compression or vacuum level). The concentration of the 

product CO2 is consequently limited to about 32%. Thus, when the membrane separation 

process is pressure ratio limited (membrane selectivity is already much larger than the 

pressure ratio), the product CO2 concentration will be limited. This is a thermodynamic 

limitation that cannot be overcome by further increase in membrane selectivity. It is 

hence not possible to generate greater than 32% pure CO2 product from flue gases in one 

stage using the conventional membrane process.  

The hybrid membrane/absorption process is not limited by the pressure ratio and 99% 

CO2 product can be generated in a single stage. The process selectivity approaches 

thousands and is determined by the chemical affinity of the absorption solvent to CO2. 

While the porous super-hydrophobic membrane can offer only limited selectivity for the 

gaseous species present in the flue gas stream, membrane selectivity is not required.  

The hollow fiber membrane utilized in the hybrid membrane absorption process also 

provides a very high surface area/volume ratio for the separation to take place, which 

results in a mass transfer coefficient that is 5 to 10 times greater than achievable in a 

conventional tower or column with trays or packing. Therefore, the membrane contactor 

may be 50-70% smaller in volume than conventional equipment. This will enable 

installation at existing power plant sites where availability of space for carbon capture 

equipment can be limited. 
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EXPERIMENTAL PROCEDURES 

Design and construction of membrane contactor for regeneration 

The membrane contactor design was optimized towards high temperature CO2 

regeneration process. Module components including epoxy tubesheets, o-rings and 

housing compatible with high temperature and elevated pressure operation were 

investigated. Following preliminary tests, the membrane desorber module design has 

been further optimized. The optimization included hollow fiber dimensions, morphology 

and module packing density to minimize pressure drops and maximize thermodynamic 

efficiency. We have down selected materials of cartridge construction such as epoxy 

tubesheet material, o-rings, etc. The module housing in all cases was stainless steel. 

Regeneration system design and construction 

A laboratory test unit allowing for the evaluation of the solvent regeneration step in a 

membrane contactor configuration was designed and constructed. A photo of this test unit 

is shown in Figure 1. The solvent can be regenerated at temperatures up to 140 
°
C and the 

CO2 can be collected at higher pressures.  

 
Figure 1. Photo of the membrane desorber unit. 

Membrane contactor stability and life testing 

Each module component was tested for compatibility with solvent system. The test 

program entails exposure of major critical contactor components such as PEEK membrane, 

epoxy tubesheet, and o-rings to solvent system at target elevated temperature. The 

membrane stability was evaluated by comparing initial gas transport characteristics to gas 

transport characteristics after predetermined exposure. The epoxy materials characteristics 

(tensile strength and modulus) prior to and after exposure were compared as well. The 

effect of solvent on o-rings was examined visually; the extent of swelling if any was 

measured as well as the ability to provide fluid tight seal after exposure.  

Membrane absorber Membrane desorber
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In a membrane absorption test, we have investigated membrane contactor stability by 

integrating the membrane absorber and regeneration tower so that the CO2 loading of lean 

solvent remained low and constant during the test. The operating conditions are listed in 

Table 2. 

Table 2. Long-term stability operating conditions. 

Parameter Condition 

Absorption 

Gas inlet temperature 105 to 108 °F 

Simulated flue gas CO2 inlet concentration 17.2 mol% (balance N2) 

Membrane contactor surface area 0.13 m
2
 

Gas flow rate 1 SLPM 

Inlet gas pressure 3.6-3.8 psig  

Liquid inlet temperature 70-85 °F 

Liquid flow rate 0.40 L/min 

Inlet liquid pressure 4.4-6.6 psig 

Desorption 

Liquid temperature after heaters  195-202 °F 

Liquid temperature at the top of tower 185-202 °F 

Liquid flow rate 0.40 L/min 

N2 stripping flow rate  1 SLPM 

Lab scale solvent regeneration tests 

Membrane contactor based CO2 stripping experiments have been demonstrated in four 

modes including three modes utilized the super-hydrophobic membrane: 1) using N2 as 

sweep gas; 2) using steam as a sweep; and 3) regeneration without sweep; and 4) one 

mode using a porous hydrophilic membrane configuration. Note that the use of N2 sweep 

gas is not a commercial solution for regeneration, but it provides a quick indication of 

qualification of membrane desorber materials of construction and the regeneration 

equipment. The regeneration process was optimized in terms of solvent flow, pressure 

drop, and temperature.  

Design of bench scale system 

The feasibility of manufacturing high productivity membranes was demonstrated during 

Phase I. Further development and scale-up of the manufacturing process were performed 

in Phase II study. The prerequisite manufacturing equipment included extruder mixing 

screw and spinneret of a size required for the production of the target dimension fiber 

(about 8 mil bore) while maintaining high spinning speed. Three runs were conducted at 

slightly different draw down conditions. The fiber OD and ID sizes varied during each 

run to determine dimensional stability and porous fiber permeability. As to the skid, we 

have completed the construction of the bench-scale system that consists of an absorption 

membrane module, a stripper module, and an additional conventional steam stripping 

section.  
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Refine economic evaluation 

We have used the cost estimates for the DOE Case 9 (Cost estimation with no CO2 

capture) and Case 10 (Cost estimation with CO2 capture using MEA plant [2])
 
as the Base 

Case that represents current benchmark technology (monoethanolamine (MEA) plant) 

status for electric power generation with CO2 removal (including transport, storage and 

monitoring) from flue gas generated in a nominal 550 MWe pulverized coal boiler. These 

scoping economic numbers for the membrane contactor technology, based on two 

different solvents (namely, an activated K2CO3 solvent, and an aMDEA solvent), were 

developed to estimate economic advantages of a membrane absorption/conventional 

regeneration process over the DOE Case 10. For this comparative study, the total coal 

feed rate for all the design cases is the same (at 646,589 lb/h).  

The experimental CO2 flux data at 90% CO2 removal obtained for these solvents 

(activated K2CO3: 0.39 kg/m
2
/h, and aMDEA solvent: 0.41 kg/m

2
/h) were used in our 

cost estimates. The experimental CO2 stripping flux of 4.1 kg/m
2
/h was used in the 

solvent regeneration. The total CO2 removal rate for these designs cases is about 626.2 

metric tons/hour, corresponding to 90% CO2 capture from a nominal 550 MWe, 

subcritical pulverized coal power plant.  

RESULTS AND DISCUSSION 

Task 6. Design and construction of membrane contactor for regeneration step 

Two types of modules using different type of hollow fiber membranes have been 

designed for membrane desorber: 1) Type I using super-hydrophobic PEEK membranes 

and 2) Type II using nano-porous hydrophilic PEEK membranes. A unified contactor 

module design was developed for solvent regeneration that can be adopted for both 

module types. The design is shown in Figure 2. 

 
Figure 2. Hollow fiber contactor module design for solvent regeneration process. 
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With super-hydrophobic PEEK membranes installed in the module as shown in Figure 2, 

liquid is introduced to the shell side of hollow fibers. Nitrogen can be injected into 

hollow fiber bores in initial evaluation tests, or alternatively CO2 can be removed by 

application of vacuum in the bore side or application of higher pressure in the liquid side. 

Rich solvent is designated as the liquid feed and lean solvent is designated as liquid out 

of the module. With hydrophilic membranes installed in the module, the rich liquid is 

introduced to the bores of the fibers and lean liquid and CO2 streams are removed on the 

shell side of hollow fibers. The separation between liquid and carbon dioxide takes place 

during transport through the porous wall. Figure 3 provides a topical view of the module 

housing, mounting brackets and connection ports, including a housing cross section that 

shows support end plugs. Each design provides tradeoffs that are difficult to ascertain 

without performance evaluation. The generic regeneration membrane contactor design is 

flexible and will enable initial evaluation of different approaches/modes of operation.  

  
Figure 3. Drawing of 2” module housing for bench-scale testing of contactor 

regeneration. 

High temperature and corrosive environment encountered during the regeneration process 

impose severe demands on materials of construction. Initial tests have shown that all 

conventional O-ring materials have failed after several hundred hours of operation at 

target application process conditions. Only O-rings manufactured from specialty 

perfluorinated material Kalrez™ have shown good stability in initial tests and were 

adopted for regeneration module construction. In current regeneration contactor design, 

the liquid pathway is separated from the gas path by O-ring seals at several separate 

locations and five O-ring seals are used. The seal integrity was confirmed with these 

O-rings. E-8 epoxy formulation was selected for tubesheet construction and initial 

regeneration contactors were constructed using this epoxy formulation. An accelerated 

test was initiated where deformation of the tubesheet under 30 psig differential pressure 

is measured at 125 
°
C (mechanical displacement measured).  

Task 7. Regeneration system design and construction 

Work was completed to construct the new test unit. A P&ID of the regeneration part is 

presented in Figure 4.  
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Figure 4. P&ID of the membrane desorber test apparatus. 

This unit has the following characteristics: 

 The membrane desorption unit was added to the back side of the skid (12’ x 5.5’ x 12’). 

The front side is the membrane absorber unit, which had been constructed during Phase 

I absorption testing.  

 Use of National Instrument process control and data acquisition with safety guards for 

temperature, pressure, and liquid levels. 

Task 8. Membrane contactor stability and life testing 

The super-hydrophobic membrane showed significant shrinkage under target operating 

conditions after several hundred hours of exposure to solvents at the target temperatures. 

Although this dimensional change did not result in membrane rupture or damage to hollow 

fiber/epoxy interface, it was sufficient that module design changes would have been 

required to prevent flow by-passing and channeling that is known to reduce mass transfer 

coefficient. The hydrophilic membrane did not show as significant dimensional change. 

Since the hydrophilic membrane has shown improved mass transfer coefficient and was 

down selected for future work, the stability and life testing will continue utilizing this 

membrane variant only.  

In a membrane absorption test, contactor stability at process design conditions was 

investigated by continuously performing CO2 capture through module 2PG283 with 
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aMDEA solvent for 120 hours. Figure 5 shows that the CO2 removal rate through module 

2PG283 was greater than 90% throughout the test (120 hours). The mass transfer 

coefficient (Figure 6) showed a maximum after running for 24 hours, and then stabilized in 

the next 96 hours.  

 
Figure 5. CO2 removal rate as a function of operating time for module 2PG283. 

 
Figure 6. Mass transfer coefficient as a function of operating time for module 2PG283. 

The gas side pressure drop, as shown in Figure 7, was stable and remained less than 0.7 psi 

throughout the experiment. Figure 8 shows that the liquid side pressure drop was also 

stable during the period.  
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Figure 7. Gas side pressure drop as a function of operating time for module 2PG283. 

 
Figure 8. Liquid side pressure drop as a function of operating time for module 2PG283. 

Table 3 summarizes the history of module 2PG283 and its intrinsic permeances for CO2 

and N2 after each sequential test. This module has been used for a number of membrane 

contactor tests since it was produced a year ago. After all these tests, the membrane 

intrinsic permeance for CO2 and N2 remained essentially identical to the initial measured 

values, indicating good mechanical properties and permeation properties of the module.  

We have also conducted initial performance stability evaluation for a membrane desorber. 

Module 2PG381 has been periodically used in the aMDEA solvent regeneration for seven 

different times, and each time has been about five hours. In these tests, the CO2-loaded 

solvent was sent to the bore side of the module. The liquid side pressure drop (pressure 

differential between liquid inlet and outlet) was observed to remain constant at 6 psi when 

the feed solvent temperature was about 110
°
C, indicating there were no significant 

dimensional changes for the fibers. 
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Table 3. Membrane intrinsic permeances for CO2 and N2 through module 2PG283. 

Condition Tested date 
Intrinsic permeances, GPU 

CO2 N2 

Initial membrane module 6/22/2011* 586 ± 13 130 ± 1.5 

Module after being used for CO2 capture for a feed 

containing 66 ppmv NO2, and then washed with 

D.I. water and dried. 

11/11/2011

** 

595 137 

Module after being used for CO2 capture for 124 

hours, wetted with aMDEA solvent for 55 days 

And then washed with D.I. water and dried.  

1/17/2012* 586 ± 14 133 ± 6.8 

Module after being used for CO2 capture for 120 

hours, and then washed with D.I. water and dried. 

4/20/2012* 548 ± 43 121 ± 15 

*: Intrinsic permeances for CO2 and N2 were measured at three different trans-membrane 

pressures. The average permeances are listed in the table. All the ± values are standard deviations. 

**: Intrinsic permeances for CO2 and N2 were measured at one trans-membrane pressure. 

Task 9. Lab scale solvent regeneration tests 

Membrane contactor based CO2 stripping experiments have been investigated by several 

modes of operation as follows: 

Mode I: Regeneration was conducted for a 1.87 wt% CO2-loaded aMDEA aqueous 

solution using N2 as a sweep gas to facilitate CO2 transport. Module 2PG304 (membrane 

intrinsic permeance for CO2 was 210 GPU at a trans-membrane pressure drop of 2 psi) was 

used in this test, and the flow configuration is shown in Figure 9. The highest regeneration 

temperature investigated was 93
°
C and was limited by the o-ring material of this module. 

Membrane contactor regeneration was demonstrated as indicated by the fact that a lower 

CO2 loading of solvent was observed in the outlet than that in the inlet.  

 
Figure 9. Flow configuration for membrane desorber using N2 as sweep gas. 

Mode II: Regeneration was carried out for 8 wt% CO2-loaded aMDEA solution using 

steam as a sweep fluid (it simultaneously also provides some heat). The flow configuration 

N2 sweep gas

11.2% CO2,

balance N2

1.87 wt% CO2

loaded aMDEA

1.67 wt% CO2

loaded aMDEA
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is shown in Figure 10. In the test, liquid and steam flow rates were kept at 0.49 L/min and 

0.10 kg/min, respectively. Other operating conditions and the CO2 stripping rates are 

shown in Table 4. The highest CO2 stripping rate observed in the temperature range tested 

was 9.9 L/min/m
2
. This flow configuration has also been used for the regeneration of a 

CO2-loaded activated K2CO3 solvent. A CO2 stripping rate of 1.0 L/min/m
2 

was observed 

at temperature of 113
°
C.  

 
Figure 10. Flow configuration for membrane desorber using steam stripping. 

Table 4. Membrane contactor regeneration performance using steam sweep. 

Average temperature (°C) Pressure drop (psi) 
CO2 stripping rate (L/min/m

2
) 

Liquid side Steam side Liquid side Steam side 

61.7 94.7 2.5 20.4 9.9 

92.2 99.2 4.7 20.4 7.5 

114.2 101.7 3.0 20.4 4.3 

Mode III: Regeneration was carried out using 8 wt% CO2-loaded aMDEA without using a 

sweep gas. The flow configuration is shown in Figure 11. Membrane module 2PG355 

equipped with high temperature o-rings was used in this regeneration testing. The 

measured membrane intrinsic permeance for CO2 was 290 GPU at a trans-membrane 

pressure drop of 2 psi. In the regeneration test, the liquid flow rate was kept at 0.51 L/min. 

The gas outlet pressure was about 15 psi. Table 5 shows the CO2 stripping rates through 

this module at different temperatures. The highest CO2 stripping rate observed in the 

temperature range tested was 8.2 L/min/m
2
.  

 
Figure 11. Flow configuration for membrane desorber without using sweep gas. 
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Figure 16. P&ID of the bench-scale system. 
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Task 11. Refine economic evaluation 

Modeling Study 

We have built up an Excel file entitled “MembCalc.xls” for communicating with Aspen 

Plus and Aspen Properties. It can also be used as a standalone Excel file. The various 

sheets in the Excel file are named: 1) Aspen_IntParams, 2) Aspen_RealParams, 3) 

Aspen_Input, 4) Aspen_Output, 5) Aspen_Output_Membrane, 6) Components Properties, 

7) Membrane Properties, 8) Mass Transfer Coefficients, 9) Model, and 10) Plot. 

The first five sheets are linked to Aspen Plus. These sheets contain information on the 

input and output streams, and parameters that are input through the user defined arrays in 

Aspen Plus. The sheet “Component Properties” calculates physical properties (e.g., 

density, viscosity) using Aspen Plus Properties functions. The user can also input 

physical properties independently into the respective Excel cells. The Excel sheet 

“Membrane Properties” contains the physical dimensions of the membrane module. The 

individual and overall mass transfer coefficients are calculated in the sheet “Mass 

Transfer Coefficients”. The model equations and results are in the “Model” sheet. Finally, 

the results are plotted in the “Plot” sheet.  

The Excel file in conjunction with Aspen Simulator can be used in three different modes: 

1) Stand alone Excel File, 2) Excel with Aspen Properties, and 3) Excel with Aspen Plus.  

1. Stand Alone Excel File 

The components and physical properties are input in the “Component Properties” sheet. It 

is important to use Aspen Component ID for the various components; this is not 

necessary for the standalone application. The reason is Aspen Properties use Aspen 

Component IDs for calculating pure and mixture properties (e.g., molecular weight, 

density). The user input field cells are bolded orange. The various symbols for the 

entries (e.g., Tin_G, Pin_G) correspond to Excel variables and can be seen by pressing 

“CTRL + F3”. The advantage of declaring variables as opposed to simple cell referencing 

is that the variables can be conveniently used in any sheet of the Excel workbook. The 

functions of the various sheets are summarized in the table below: 

Table 8. Excel sheets: use in standalone Excel Mode 

Excel sheet  Comments 

Component properties Components, inlet gas and solvent conditions, physical 

properties are inputted here 

Membrane properties Membrane module dimensions are inputted here. Related 

properties such as specific surface area are calculated in this 

sheet 

Mass transfer 

coefficients 

The individual and overall mass transfer coefficients are 

calculated here 

Model  The model equations and results are contained in this sheet 

Plot Plots the results in the “Model” sheet 
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2. Excel with Aspen Properties 

In this mode, an Aspen Property file containing the various components must be created. 

The property file in turn is linked to the Excel file and the link must be created prior to 

use. The path of the Aspen property file can be seen at the top of the “Component 

Properties” sheet; the only difference compared to the standalone Excel mode is that the 

physical properties are calculated using Aspen Properties functions rather than specified 

in the Component properties Excel sheet.  

Table 9. Excel sheets: use in Aspen Properties Mode 

Excel sheet  Comments 

Component properties User input for inlet gas and solvent conditions. The physical 

properties, such as density, viscosity, are calculated by 

Aspen Properties 

Membrane properties Membrane module dimensions are input here. Related 

properties, such as specific surface area, are calculated in 

this sheet 

Mass transfer coefficients The individual and overall mass transfer coefficients are 

calculated here 

Model  The model equations and results are contained in this sheet 

Plot Plots the results in the “Model” sheet 

3. Excel with Aspen Plus 

The Excel file is linked to the Aspen Plus simulation through the Membrane block 

properties. In Aspen Plus, the numerical work is mostly done by FORTRAN functions 

that are not visible to the user. Here the numerical work is done by Excel which is visible 

to the user.  

Table 10. Excel sheets: use in Aspen Plus Mode 

Excel sheet  Comments 

Aspen_IntParams Sheet is linked to the user defined array for the custom 

Membrane block. Any integer parameters of the model that 

is inputted from Aspen Plus will be written to this sheet 

Aspen_RealParams Sheet is linked to the user defined array for the custom 

Membrane block. Any integer parameters of the model that 

is inputted from Aspen Plus will be written to this sheet 

Aspen_Input The input streams and conditions for the custom Membrane 

block are written to this sheet 

Aspen_Output The output streams and conditions as calculated by the 

Excel model will be available in this sheet. The output 

streams in turn can be the input of a subsequent Aspen Plus 

block 

Aspen_Output_Membrane Simply a copy of the Aspen Output for further processing 

Component Properties User input for inlet gas and solvent conditions. The 

physical properties, such as density, viscosity, are inputted 

by the user or calculated by Aspen Properties 
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Membrane Properties Membrane module dimensions are input here. Related 

properties such as specific surface area are calculated in 

this sheet 

Mass Transfer 

Coefficients 

The individual and overall mass transfer coefficients are 

calculated here 

Model  The model equations and results are contained in this sheet 

Plot Plots the results in the “Model” sheet 

An illustration of the use of custom membrane block connected to a Gibbs Reactor is 

shown in Figure 19. As alluded to earlier, the downstream block can be any Aspen Plus 

block. The outlet streams as calculated by the Excel model will serve as the input to the 

downstream block. 

 
Figure 19. Custom membrane block with a Gibbs reactor downstream. 

4. Example of Output 

Figure 20 compares modeling results with experimental data. Model results fit 

experimental data well (Figure 21). Thus, the model developed will be used for 

predicting operation conditions for the Phase III.  

 

Figure 20. Comparison of modeling and experimental results. 
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Figure 21. Model results fit experimental data. 

Updated Economic Evaluation 

Estimates on CAPEX 

Differences in the reboiler heat-duty requirements for the regeneration of CO2-rich 

solvent would lead to changes in (i) net electric power generation and (ii) capital costs for 

the reboiler as well as for the LP steam turbine units. The estimated reboiler heat duties 

per g-mol of CO2 for the three design cases are shown in Table 11. 

Table 11. The estimated reboiler heat duties per g-mol of CO2 for the three design cases 

Solvent type MEA used in DOE Case 

10 

Activated K2CO3 aMDEA 

Heat duty, Btu/lb CO2 1,521
a 

523
b 

1,187
c 

a. Estimated from the total LP steam need in the Regenerator Unit. 

b. For the K2CO3-based Enhanced LoHeat Benfield process [6],
 
this value has been 

reported as 18,000-25,000 Btu/lbmol CO2; we have assumed a value of 23,000 

Btu/lbmol CO2. 

c. Estimated as the sum of the (i) heat of desorption (14.0 kcal/gmol), (ii) heat of 

vaporization of water (10.3 kcal/gmol) and (iii) sensible heat required to bring the rich 

solution to the temperature of the stripper (4.7 kcal/gmol). 

The major changes for the two membrane contactor design cases are: 

 For the membrane contactor application using activated K2CO3, there would be 

significant reduction in the usage of low pressure (LP) steam for the solvent 

regeneration unit. For the DOE Case 10, total LP steam flow (at 168 psia and 743°F) to 

the amine unit is about 1.995 million lb/h. For the membrane contactor case, the total 

LP steam required would be about 685,900 lb/h, which would result in an excess LP 

steam of about 1,309,058 lb/h. This extra steam can be used in the existing LP steam 

turbine to generate about 117,400 kWe of additional electric power. In this context, we 

would need to correspondingly increase the CAPEX (estimated for the DOE Case 10) 
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of the turbine system. This reduction in steam usage would also reduce the CAPEX of 

the reboiler unit of the stripper system. 

 For the membrane contactor design case using the aMDEA solvent, the total LP steam 

required for solvent regeneration would be about 1.557 million lb/h. 

 Based on a study by Nexant/Bechtel [7], a typical capital investment (Table 12) for the 

absorber unit is approximately 27% of the total cost of the Amine-based CO2 removal 

process (estimated at $436 MM, 2006$, for the DOE Case 10). This absorber will be 

replaced by a membrane contactor unit. According to this Nexant study, the typical 

investment for the reboiler unit is approximately 15% of the total cost of the amine 

process. The reboilers for the membrane plants are prorated on steam requirements. 

Table 12. Key capital cost distribution factors for a typical amine plant for CO2 removal
 

Absorber 27% 

Rich/lean exchanger 19% 

Reboiler & other heat exchangers 15% 

Stripper 10% 

Feed cooler 9% 

Flue gas blower 9% 

Pumps 8% 

Others 3% 

The changes in total CAPEX for the two design cases relative to the DOE Case 10 are 

summarized in Table 13. 

Table 13. Key changes in CAPEX (Yr 2006$) 

Item 

DOE Case 

10 

(amine 

plant) 

Membrane contactor 

K2CO3 

solvent 

aMDEA 

solvent 

Absorber unit of the amine plant, $MM 

(@27% of total amine plant) 
118 - - 

Reboiler unit of the amine plant (@ 15%), 

$MM 
65 22 39 

Stripper 44 10 12 

Membrane unit, $MM   104 117 

Other equipment, $MM 209 209 209 

Total CAPEX for the CO2 capture unit, $MM 436 345 377 

Cost of Power Generation, mills/kWh 

The key data on various levelized cost of electricity (LCOE) costs for the design cases 

are summarized in Table 14.  

 



26 

Table 14. Comparative data on LCOE 

Parameter 
DOE Case 

9 

DOE Case 

10 

Membrane 

contactor 

K2CO3 aMDEA 

As-received coal feed rate, metric 

tons/day 
4,765 7,039 5,837 6,584 

Capital cost, mills/kWh 34.14 68.05 57.04 59.73 

Fixed operating costs, mills/kWh 3.99 5.81 4.82 5.43 

Variable operating costs, mills/kWh 5.80 10.82 8.65 9.73 

Coal, mills/kWh 20.14 29.78 24.68 27.83 

CO2, mills/kWh  3.91 3.48 3.48 

Total LCOE, mills/kWh 64.00 118.36 98.67 106.21 

Increase over no capture LCOE, % -- 85 54% 66% 

Progress Towards Goal 

The overall goal of DOE/NETL’s carbon capture R&D is to develop advanced 

technologies that achieve 90% CO2 capture at less than a 35% increase in COE for 

post-combustion capture for new and existing coal-fired power plants. Table 15 shows 

that the DOE target of a 35% increase in COE can be met by decreasing membrane 

module cost and by utilizing new, advanced solvents. 

Table 15. LCOE for various cases 

Cases 

LCOE, $/MWh 

(K2CO3 solvent) 

Increase over no 

capture LCOE, % 

DOE Case - 9 with no CO2 capture 64 -- 

DOE Case-10 state-of-the-art 

technology with CO2 capture 118.36 85 

Phase I status membrane contactor 100.11 56 

With membrane stripper $80/m
2
 98.67 54 

Reduce module costs from $80 to 

$30/m
2
 97.33 52 

With membrane stripper $30 /m
2
 94.52 48 

Use of new, advanced solvents On trajectory to meet DOE target 

DOE capture target 86.4 35 

Activities/Results in addition to Tasks 6-11 

We mentioned in Task 12 description that the DOE target of a 35% increase in COE can 

be met by decreasing membrane module cost and by utilizing new, advanced solvents. 

We have recently tested an advanced solvent: H3-1 from Hitachi. In terms of CO2 capture 

performance, our testing results indicate the CO2 flux for the H3-1 solvent is at least 

comparable to that for the aMDEA solvent at 90% CO2 removal (Figures 22 and 23).  
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Figure 22. Percentage of CO2 removal as a function of gas flow rate using module 

2PG368. 

 
Figure 23. CO2 capture flux as a function of gas flow rate using module 2PG368. 

Detailed information regarding H3-1 solvent is proprietary to Hitachi, Ltd.; we cannot 

provide an economic evaluation for the H3-1 solvent at this point. However, the H3-1 

solvent is known to have a lower regeneration energy consumption than aMDEA, and it 

is expected to have better economics than aMDEA. These results indicate that the 

projected savings achievable with H3-1 can be increased by the use of the PEEK 

contactor. 

CONCLUSIONS AND RECOMMENDATIONS 

The feasibility of utilizing hollow fiber PEEK membrane contactor for CO2-load solvent 

regeneration has been successfully established. Excellent progress is being made in all 

aspects of this project as we have achieved CO2 stripping flux one order of magnitude 

higher than CO2 absorption flux. Refined economic evaluation based on Phase I 
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membrane absorber and Phase II membrane desorber lab testing data indicates a 54% 

increase in COE. We have designed and constructed the bench-scaled unit in which only 

minor changes for equipment/instrument are required for field test. Research activity in 

the next year will focus on work to complete development on PEEK membranes and 

membrane modules for the absorber and desorber to verify performance of an integrated 

system in the laboratory for at least 100 hours. We will also demonstrate the proposed 

membrane contactor technology on a bench scale system in field test.  
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