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ABSTRACT 

 
This project is part of an overall technology development program at Gas Technology 
Institute (GTI) to develop and demonstrate a practical and cost effective technology for 
CO2 separation and capture for new construction or retrofitting existing pulverized coal 
(PC) power plants based on a hybrid membrane/absorption process. The final goals of 
this technology development project are to separate and capture at least 90% of the CO2 
from PC power plant flue gases with no more than 35% increase in the cost of energy 
services as outlined by the US Department of Energy (DOE). The objectives of this ICCI 
funded effort were to prepare the test rig at GTI for flue gas carbon capture testing at 
appropriate test conditions and to perform a preliminary economic analysis of the hybrid 
membrane/absorption process.  
 
These objectives have all been met by GTI. The test rig is ready to be used for flue gas 
testing at a range of temperatures starting from room temperature to 70°C, at pressures 
from 0 to 10 psig, at gas side pressure drops from 0 to 100 inH2O, and at flue gas flow 
rates from 20 to 500 SCFH. Various solvents can be tested at flow rates from 0.2 to 2 
L/min. Test membrane modules with active areas of up to 20 ft2 can be mounted and 
tested. 
 
Preliminary process economics were performed using DOE prescribed methods, based on 
the current membrane production cost of $100/m2 and an overall mass transfer coefficient 
of 0.7 [kmol/(m3.hr.kPa)]. The results of the economic analysis shows that the DOE goal 
of 90% carbon capture with no more than 35% increase in the cost of electricity can be 
met with the hybrid membrane/absorption process provided that the cost of the membrane 
is at or lower than $40/m2 if the mass transfer is 0.7 [kmol/(m3.hr.kPa)], or that the mass 
transfer coefficients of the membrane absorption process are greater than 1.75 
[kmol/(m3.hr.kPa)] if the membrane cost is at $100/m2.These are reasonable research 
targets for the forthcoming research program. 
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EXECUTIVE SUMMARY 
 

The hybrid membrane/absorption technology is based on a new type of membrane contactor made 
from hollow fiber poly(ether ether ketone) (PEEK) membrane. The hollow fiber PEEK membrane is 
produced by a patented process1,2. The contactor utilizes solvent absorption using the membrane as the 
phase boundary between the gas and the liquid.  
 
This project is part of an overall technology development program at Gas Technology Institute (GTI) 
to develop and demonstrate a practical and cost effective technology for CO2 separation and capture 
for new construction or retrofitting existing pulverized coal (PC) power plants based on a hybrid 
membrane/absorption process. The final goals of this technology development project are to separate 
and capture at least 90% of the CO2 from PC power plant flue gases with no more than 35% increase in 
the cost of energy services as outlined by the US Department of Energy (DOE). The objectives of this 
ICCI funded effort were to prepare the test rig at GTI for flue gas carbon capture testing at appropriate 
test conditions and to perform a preliminary economic analysis of the hybrid membrane/absorption 
process.  
 
These objectives have all been met by GTI. The test rig is ready to be used for flue gas testing at a 
range of temperatures starting from room temperature to 70°C, at pressures of 0 to 10 psig,  gas side 
pressure drops of 0 to 100 inH2O, and at flue gas flow rates of 20 to 500 SCFH. Various solvents can 
be tested at flow rates of 0.2 to 2 L/min. Test membrane modules with active areas of up to 20 ft2 can 
be mounted and tested. 
 
Preliminary process economics were performed using DOE prescribed methods, based on the current 
membrane production cost of $100/m2 and an overall mass transfer coefficient of 0.7 
[kmol/(m3.hr.kPa)]. The results of the economic analysis shows that the DOE goal of 90% carbon 
capture with no more than 35% increase in the cost of electricity can be met with the hybrid 
membrane/absorption process provided that the cost membrane is at or lower than $40/m2 if the mass 
transfer is 0.7 [kmol/(m3.hr.kPa)], or that the mass transfer coefficients of the membrane absorption 
process are greater than 1.75 [kmol/(m3.hr.kPa)] if the membrane cost is at $100/m2.These are 
reasonable research targets for the forthcoming research program. 
 
Current post-combustion capture practice uses an amine separation unit at the flue-gas source. This is a 
very difficult separation because the exhaust gases are hot, dilute in CO2 content, near atmospheric 
pressure, high in volume, and often contaminated with other impurities (SOx, NOx, and ash). Residual 
oxygen in the flue gas is especially troublesome for conventional amine plants because of oxidative 
degradation of the amine. Collectively, these factors result in enormous amine circulation rates, large 
equipment, and large energy requirements in CO2 sequestration service. In the case of CO2 capture 
from power plants, the heat duty of the amine stripper places a substantial burden on the low-pressure 
steam supply. It is estimated that for every pound of CO2 captured, 2 to 3 pounds of low pressure 
steam are required3,4.  
 
The hybrid membrane/absorption technology reduces the cost of CO2 capture through: 

• Improved membrane material and membrane performance to lower capital costs. 

• Improved solvent regeneration using mild heat and vacuum, with a potential energy saving of 
up to 70%. 

• A much smaller solvent inventory in the system. 
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• Enabling the use of expensive but more stable hindered amines to lower amine oxidative loss 
due to the much smaller amine inventory. 

• Reduced solvent losses due to carryover and degradation. 

• PEEK membrane unaffected by current CO2 capture solvents and can also be used with second 
and third generation solvents as they become available. 

• Membrane also tolerant to chlorine, sulfur, and trace constituents in the gas and keeps those 
components out of contact with the solvent to reduce solvent loss. 

• Up to 70% reduction in system size and footprint for retrofitting existing PC power plant5. 

• Reduced construction costs since membrane modules are not subject to corrosion. 

• Ability to produce a nearly pure CO2 stream for sequestration or other applications. 

• Reduced parasitic fan loads due to lower pressure and pressure drop requirements compared to 
conventional membranes and columns. 
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OBJECTIVES 
 

The overall objective of this research was  to develop a cost effective CO2 separation and capture 
technology from flue gases based on a hollow fiber membrane contactor that will provide a step 
change reduction in the cost of separating and capturing CO2 from flue gases. Specifically, the overall 
goals of this technology development project are to separate and capture at least 90% of the CO2 from 
PC power plant flue gases with no more 35% increase in the cost of energy services. Further objectives 
are to develop (1) a highly chemically inert and temperature stable, super-hydrophobic, hollow fiber 
membrane for membrane contactors, (2) a low cost integrated membrane absorber and desorber for 
CO2 capture from flue gas, and (3) an energy efficient process for CO2 recovery from the flue gas that 
minimizes excessive water vapor transport. 
 
The Phase I objectives of this ICCI funded effort were to prepare the test rig at GTI for flue gas carbon 
capture testing at appropriate test conditions and to perform a preliminary economic analysis of the 
hybrid membrane/absorption process. 
 

INTRODUCTION AND BACKGROUND 
 

Coal plays a critical role in the production of electricity for the state of Illinois. The US Environmental 
Protection Agency (EPA) eGRID6 database identifies that the 32 coal fired power plants in the state 
generate 108 million tons/yr of carbon dioxide. This is almost half of the CO2 emitted in the state, 
which ranks sixth in annual CO2 emissions. Regulations to control releases of this greenhouse gas have 
been discussed by United Nation Countries and by U.S. congress; however, its capture from flue gas is 
too costly using state-of-the art removal technology11. 
 
The hybrid membrane/absorption technology aims to meet the overall program objectives of capturing 
at least 90% of the CO2 from PC power plant flue gases with no more than 35% increase in the cost of 
energy services. These objectives translate to specific performance parameters in terms of membrane 
module costs and process operating costs. The membrane module cost is directly related to the capital 
cost of the CO2 plant and the process operating cost to the total operating and maintenance costs. 
 
The hollow fiber module has been manufactured using mature techniques with well known economics. 
The installed membrane module manufacturing cost of $100/m2 at a small scale is lower than previous 
membrane module cost used in the membrane contactor pilot tests by Aker Kværner5. The projected 
long term, large scale manufacturing cost of $30/m2 is expected to make the membrane contactor 
system one of the least expensive processes for CO2 separation and capture from flue gases. 
 
The operating costs associated with steam consumption during solvent regeneration is the same as that 
of a conventional monoethanolamine (MEA) plant if the desorption step is carried out in the stripper 
tower. However, it is anticipated that if a membrane contactor is used for the desorption of CO2, the 
operating cost then could be reduced by as much as 70%. The use of absorbents with lower energy for 
regeneration can also reduce this cost5.  
 
The hybrid membrane/absorption process as shown in Figure 1 is enabled by poly(ether ether ketone), 
PEEK, based hollow fiber membrane contactor that can replace any column-based mass transfer device 
in numerous industrial applications such as the column-based devices currently employed in the amine 
absorption process for CO2 separation and capture. The membrane is in the hollow fiber configuration 
and is produced by a patented environmentally benign melt extrusion process. The hybrid 



5 
 

membrane/absorption device is a contactor that utilizes solvent absorption mechanism with the 
membrane as the phase boundary between the gas and the liquid.  
 
 

 
 
 

The transformational nature of the technology is rooted in its ability to reduce energy and capital costs 
across a broad spectrum of separation applications. The hybrid membrane/absorption technology 
combines advantageous aspects of both technologies and cuts across entire spectrum of applications 
currently served by absorption separations. The technology is a generic technology that enables high 
mass transfer between gas and liquid streams and can be applied to numerous industrial applications. 
The technology is compatible with essentially the entire spectrum of absorbents from commercial 
physical and chemical absorbents to experimental advanced absorbents like ionic liquids. In the later 
case our technology becomes an enabling technology since conventional columns do not function well 
in contact with viscous ionic liquids. The hybrid membrane/absorption technology carries the promise 
of dramatic capital and operating cost reduction for CCS. 
 
The process stability and reliability has been one of the key barriers of solvent absorption processes for 
large-scale CO2 separation and capture. With the combination of membrane and solvent absorption, the 
phase boundaries are established by the physical boundaries of the membrane and solvent, making the 
combined process inherently more stable and reliable than the conventional solvent process.  
 
Process Benefits 
 
The interfacial area is a key variable that directly influences the overall mass transfer and thus the size 
and performance of the processing equipment. In the PEEK membrane contactor, the interfacial area 
was increased by an order of magnitude or greater over conventional packed or tray columns by using 
super-hydrophobic porous hollow fiber membrane modules. The hollow fiber configuration allows for 
high membrane surface area per unit volume and results in a much more compact absorption system of 
dramatically reduced size and weight which reduces the footprint of the carbon capture island, 
especially at land-limited sites. For example, the membrane contactor CO2 removal module for a 
350MW facility is only 11% the size of a conventional packed column.5 The modular design of 

Figure 1. Integral Membrane Absorption Process for CO2 Capture from Flue Gas 
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membrane contactors will enable the deployment of shop pre-fabricated equipment rather than field 
fabricated equipment, and will decrease the necessary foundation/footing requirements for structures. 
Additional benefits include, but are not limited to, the elimination of equipment corrosion due to the 
inert materials of construction used in hollow fiber contactors (polymeric materials only), decreased 
solvent losses because there is no carryover nor foaming, lower solvent degradation, and decreased 
parasitic fan loads because of the decreased pressure and pressure drop required for the hollow fiber 
membrane contactor vs. conventional membranes and columns.  
 
The membrane is a nanoporous, super-hydrophobic hollow fiber membrane. The novel hollow fiber 
membrane technology is based on the chemically- and thermally-resistant, commercial engineering 
polymer, PEEK. The PEEK membrane material utilized is a high temperature engineered plastic that is 
virtually non-destructible under the operating conditions encountered in typical flue gas and other 
industrial applications. It can withstand contact with essentially all common treating solvents. This is a 
major distinguishing feature of this technology. The broad benefits of the membrane contactors are 
well recognized and numerous attempts have been made to deploy them in combination with amine 
based solvents for CO2 capture. However, all tested hollow fiber contactors were destroyed or their 
performance otherwise degraded in contact with the absorption solvent used for CO2 capture due to the 
aggressive nature of such solvents.  
 
The Membrane Modules 
 
The membrane contactor module has been constructed from hollow fiber membranes utilizing  a 
computer controlled helical winding process. This methodology enables construction of contactor 
modules with exceptionally uniform and controlled packing density. The structured packing ensures 
optimal mass transfer without channeling or bypassing, low pressure drop and minimizes concentration 
polarization in liquid boundaries.  

 

 
Figure 2. Structured Packing Generated by Computer Controlled Helical Winding 
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The membrane contactor module represents enabling component of this technology. The module 
consists of the membrane cartridge, o-rings and an external housing. The critical components of 
membrane module are the hollow fiber membrane and the epoxy tube-sheets. All materials of cartridge 
construction have been initially tested at high temperature in aggressive solvent environment. To 
enable efficient counter-current flow, the packing density in the cartridge must be uniform and flow 
bypassing and entrance and exit effects must be minimized.  
 
Mass Transfer Coefficients 
 
The porous membrane in the membrane contactor typically operates in a non-wetting mode with the 
liquid side pressure below the breakthrough pressure. Under such conditions, given the hydrophobic 
nature of the membrane and the small pore size, the pores are considered to be completely filled with 
gas. The gas/liquid interface is thus located at the liquid side pore openings. Depending on the pore 
size, gas phase mass transfer occurs by molecular diffusion with or without contributions from 
Knudsen diffusion.  
  
The mass transfer rate through a membrane contactor is known to be controlled by the liquid side mass 
transfer due to the 10,000 fold lower CO2 diffusivity in the liquid phase. Previous data showed that the 
mass transfer coefficient in the contactor increased with increasing temperature.7 The mass transfer 
coefficient is further a strong function of CO2 partial pressure.7 In particular, the CO2 mass transfer 
coefficient is higher at lower CO2 partial pressures. It is, therefore, desirable to operate the membrane 
contactor at higher temperatures and lower CO2 partial pressures, conditions that match those of the 
flue gas. The PEEK membrane can operate at temperatures up to 200°C continuously. This 
temperature is well in excess of the typical absorption process condition. The high temperature 
operating capability is of a critical importance in the high temperature regeneration process. To enable 
CO2 collection at an elevated pressure in the de-sorption step that will lower the sequestration 
compression cost, a much higher temperature of regeneration is required. 
 
Typical measured overall mass transfer coefficient for CO2/MEA system under flue gas conditions in a 
hybrid membrane/absorption process ranges from 0.3 to 3.0 [kmol/(m3.hr.kPa)]7-9. 
 

EXPERIMENTAL PROCEDURES 
 

Test Rig Modification 
 
The Gas-Liquid Membrane (GLM) bench-scale 
membrane contactor test unit as shown in Figure 3 is 
in place at GTI. It is located within a Plexiglas 
enclosure in the southwest corner of the Gas 
Processing Laboratory. This test unit is modified from 
a high pressure (~1000 psig) only test station to a test 
rig that can also be used at pressures lower than 10 
psig relevant to flue gas carbon capture testing. The 
modification process involved changes in valves and 
piping, installation of process monitoring equipment 
for low pressure operations, and updating process 
control and data acquisition programs. 
   Figure 3. Gas-Liquid Membrane  

Bench Scale Unit 
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Process Economics Modeling 
 
To estimate the impact that the membrane contactor could have on the carbon capture, GTI used the 
Integrated Environmental Control Model10 and Illinois #6 coal for a net 550 MW pulverized coal 
power plant with constant 2007 dollars. This is an engineering estimate that carries an accuracy of 
±30%. The final results from this analysis is based on the 20-year levelized cost of electricity (LCOE). 
 
Levelized Cost of Electricity 
 
The revenue requirement method of performing an economic analysis of a prospective power plant has 
been widely used in the electric utility industry. This method permits the incorporation of the various 
dissimilar components for a potential new plant into a single value that can be compared to various 
alternatives. The revenue requirement figure-of-merit in this report is cost of electricity (COE) 
levelized over a 20 year period and expressed in mills/kWh (numerically equivalent to $/MWh). The 
20-year LCOE was calculated using a simplified model derived from the National Energy Technology 
Laboratory (NETL) Power Systems Financial Model.  
 
The equation used to calculate LCOE is as follows: 

 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑝𝑝 = �𝐿𝐿𝐿𝐿𝐶𝐶𝑝𝑝�(𝑇𝑇𝑇𝑇𝐿𝐿)+[(𝐿𝐿𝐶𝐶𝐶𝐶1)(𝐿𝐿𝐿𝐿𝐶𝐶1)+(𝐿𝐿𝐶𝐶𝐶𝐶2)(𝐿𝐿𝐿𝐿𝐶𝐶2)+⋯ ]+(𝐿𝐿𝐶𝐶)[(𝐿𝐿𝐶𝐶𝐿𝐿1)(𝐿𝐿𝐿𝐿𝐿𝐿1)+(𝐿𝐿𝐶𝐶𝐿𝐿2)(𝐿𝐿𝐿𝐿𝐿𝐿2)+⋯ ]
(𝐿𝐿𝐶𝐶)(𝑀𝑀𝑀𝑀ℎ)

, 

 

where 

LCOEP = levelized cost of electricity over P years, $/MWh 

P = levelization period (e.g., 10, 20 or 30 years) 

CCF = capital charge factor for a levelization period of P years 

TPC = total plant cost, $ 

LFFn = levelization factor for category n fixed operating cost 

OCFn = category n fixed operating cost for the initial year of operation (but expressed in “first-year-of-
construction” year dollars) 

CF = plant capacity factor 

LFVn = levelization factor for category n variable operating cost 

OCVn = category n variable operating cost at 100 percent capacity factor for the initial year of 
operation (but expressed in “first-year-of-construction” year dollars) 

MWh = annual net megawatt-hours of power generated at 100 percent capacity factor 

 

All costs are expressed in “first-year-of-construction” year dollars, and the resulting LCOE is also 
expressed in “first-year-of-construction” year dollars. In this study the first year of plant construction is 
assumed to be 2007, and the resulting LCOE is expressed in year 2007 dollars. 
 



9 
 

In CO2 capture cases, the LCOE for TS&M (transportation, sequestration & monitoring) costs was 
added to the LCOE calculated using the above equation to generate a total cost including CO2 capture, 
sequestration and subsequent monitoring. Although their useful life is usually well in excess of thirty 
years, a twenty-year levelization period is typically used for large energy conversion plants and is the 
levelization period used in this study. The capital charge factor and levelization factors11 are shown in 
Table 1. 
 

Table 1.  Economic Parameters for LCOE Calculation 

 High Risk Low Risk Nominal 
Escalation, %1 

Capital Charge Factor 0.175 0.164 N/A 

Coal Levelization Factor 1.2022 1.2089 2.35 

Natural Gas Levelization Factor 1.1651 1.1705 1.96 

General O&M Levelization Factor 1.1568 1.1618 1.87 

1 Nominal escalation is the real escalation plus the general annual average inflation rate of 1.87 percent. 

 

The economic assumptions used to derive the capital charge factors are shown in Table 2. The 
difference between the high risk and low risk categories is manifested in the debt-to-equity ratio and 
the weighted cost of capital. The values used to generate the capital charge factors and levelization 
factors in this study are shown in Table 3. 
 

Table 2.  Parameter Assumptions for Capital Charge Factors 
Parameter Value 

Income Tax Rate  38% (Effective 34% Federal, 6% State) 

Repayment Term of Debt  15 years 

Grace Period on Debt Repayment  0 years 

Debt Reserve Fund  None 

Depreciation 20 years,  150% declining balance 

Working Capital  zero for all parameters 

Plant Economic Life  30 years 

Investment Tax Credit  0% 

Tax Holiday  0 years 

Start-Up Costs (% of EPC)1  2% 

All other additional capital costs ($)  0 

EPC escalation  0% 

Duration of Construction  3 years 
1 Engineer/Procure/Construct (EPC) costs equal total plant costs less contingencies 
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Table 3.  Financial Structure for Investor Owned Utility High and Low Risk Projects 

Type of Security % of Total Current 
(Nominal) 
Dollar Cost 

Weighted 
Current 
(Nominal) Cost 

After Tax 
Weighted Cost 
of Capital 

Low Risk 

Debt 50 9% 4.5% 2.79% 

Equity 50 12% 6% 6% 

Total   11% 8.79% 

High Risk 

Debt 45 11% 4.95% 3.07% 

Equity 55 12% 6.6% 6.6% 

Total   11.55% 9.67% 

 

 

RESULTS AND DISCUSSION 
 

Task 1: Membrane Test Unit Modification 
 
The membrane contactor bench scale test unit was modified from a high pressure only test rig to one 
that can be used for both high and low pressure tests. The specific modifications made to the test rig 
are: 

• Installed valves and fittings to isolate the high pressure test section from the low 
pressure section. 

• Installed differential pressure liquid level measurement unit on rich solvent receiving 
tank so that solvent level can be monitored at all times.  

• Installed N2 and CO2 mass flow controllers.  
• Connected moisture analyzer to the test system.  
• Installed capacitance level measurement unit for the rich solvent flash tank.  
• Installed H2S mass flow controller.  
• Modified heating element from resistant heater to constant temperature bath heating for 

better solvent temperature control. 
• Checked gas loop for leaks with pressurized nitrogen. 
• Installed low-pressure pressure gauges on both the liquid and gas sides to measure gas 

and liquid feed pressures.  
• Updated process measurement and control software to include newly installed 

hardware. 
• Checked solvent loop for leaks with water. 
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Task 2: Process Economics 
 
The estimated impact of the membrane contactor technology on the cost of carbon capture is for a net 
550 MW pulverized coal power plant with constant 2007 dollars as shown in Table 4. The first two 
columns of data are from reference 11 and the last column of data are from this estimate. These data 
show that with the conventional column-based MEA process for post-combustion CO2 separation and 
capture, the levelized cost of electricity (LCOE) increased by 85.6%; whereas if the membrane 
contactor based technology is used, the increase is only 42.2% based on membrane module cost of 
$100/m2 and an overall mass transfer coefficient of 0.7 [kmol/(m3.hr.kPa)]. The LCOE analysis used 
the same parameters and assumptions used in reference 11. 
 

Table 4.  Comparison of New Pulverized Coal Plants 

 
 
Basis 

Pulverized Coal Boiler 

DOE PC Subcritical PC Subcritical with 
Membrane Contactor 
for 
CO2 Removal 

Case 93 Case 103 

CO2 Capture No Yes Yes 

Gross Power Output (kWe) 583,315 679,923 625,000 

Auxiliary Power Requirement 
(kWe) 

32,870 130,310 75,000 

Net Power Output (kWe) 550,445 549,613 550,000 

LCOE (mills/kWh)1 64.0 118.8 91.02 
1 Based on an 85% capacity factor 
2 Value is based on membrane cost of $100/m2 
3 Case 9 and 10 are from reference 11 
 
The sensitivity of LCOE to membrane module price is shown in Figure 4. As expected, the LCOE 
decrease with the decrease in membrane cost. 
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Figure 4.  Sensitivity of LCOE to Membrane Price 

 

To reach the goal of 90% CO2 capture at no more than 35% increase in cost of electricity, the LCOE 
needs to be less than $87 /MW; this represents a membrane cost of less than $40/m2 as shown in 
Figure 5. Alternatively, the target can also be met by increasing the mass transfer coefficient by 150% 
at a constant membrane cost of $100/m2. Both decreasing the membrane costs and increasing the mass 
transfer coefficient appear to be reasonable technical goals for the forthcoming research program. 
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Figure 5.  Percent increase in LCOE from PC base Plant (without CO2 capture)  

as a function of membrane cost. 
 

 
CONCLUSIONS AND RECOMMENDATIONS 

 
Based on an overall mass transfer coefficient of 0.7 [kmol/(m3.hr.kPa)],  and the engineering estimate, 
the hybrid membrane/absorption process is a promising technology for carbon capture applications 
with numerous advantages over the current tray or packed column based technology. The new 
technology carries the promise of attaining the goal set by DOE of the 90% carbon capture at no more 
than 35% increase in the cost of electricity generation. 
 
GTI recommends that experimental measurements be carried out to test the performance of the hybrid 
membrane/absorption process for carbon capture under conditions of interests with various solvents 
and regeneration schemes. The mass transfer data obtained can then be used to further refine the 
process economics model. 
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