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MEMBRANE CAPTURE SYSTEMS 

INTRODUCTION AND OBJECTIVES 

Coal-fired power plants contribute nearly 50 percent of U.S. electricity supply and account for 
about a third of national emissions of carbon dioxide (CO2) (EIA, 2012), the major greenhouse 
gas associated with global climate change. Post-combustion carbon capture and storage (CCS) 
could play an important role in deeply cutting CO2 emissions from existing and new coal-fired 
power plants for mitigating climate change. However, adding commercial amine-based capture 
systems to pulverized coal power plants would significantly increase the cost of electricity by 
about 80 percent and lead to about 25 to 40 percent energy penalty (Rubin et al., 2007; 
Haszeldine, 2009; NETL, 2010a). Meanwhile, the addition of CCS would nearly double water 
use, which further intensifies pressure on water resources (NETL, 2010a; Zhai et al., 2011). 
Because the CO2 partial pressure of flue gases is typically less than 0.15 atm., the 
thermodynamic driving force for CO2 capture is low and then creates a technical challenge for 
cost-effective capture processes (Figueroa et al., 2008). To address these major drawbacks, there 
is a strong need to advanced cost-effective technologies for controlling CO2 emissions. Thus, the 
U.S. Department of Energy is intensively supporting R&D programs of advanced CCS systems 
for coal-fired power plants (NETL, 2010b). Membranes have broad industrial applications such 
as air separation and natural gas purification, and have the potential for application to power 
plant flue gases (Gin and Noble, 2011). Innovative use of membranes is included among 
emerging carbon capture technologies for fossil fueled power plants (Figueroa et al., 2008). 

In membrane applications, gas separation agrees with a solution-diffusion mechanism, in 
which gas components dissolve in the membrane material and then diffuse through the 
membrane; and the differences of two components in the solubility and diffusion rate drive a 
separation (Wijmans and Baker, 1995). To be effective for CO2 capture, membrane materials 
should posses a number of features including high CO2 permeability, high CO2/N2 selectivity, 
thermal and chemical stabilities, resistant to plasticization and aging, and so on (Powell and 
Qiao, 2006). However, there is a general tradeoff relation between membrane properties:  more 
permeable polymers are generally less selective and vice versa (Freeman, 1999; Gin and Noble, 
2011). The CO2/N2 selectivity for most types of those polymeric membrane materials is less than 
50 to 70 (Powell and Qiao, 2006). The CO2 permeability also changes substantially, even within 
the same type of membrane material. A novel thin-film, composite polymer membrane 
manufactured recently was reported to have a high CO2 permeance of up to 1000 gas permeation 
unit number (gpu) or more with a CO2/N2 selectivity of 50 (Merkel et al., 2010). 
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The feasibility of membrane systems for removing CO2 from flue gases from coal-fired 
power plants has been investigated increasingly (Van Der Sluijs et al., 1992; Hendriks 1994; 
Bounaceur et al, 2006; Ho et al., 2006; Favre, 2007; Ho et al., 2008; Zhao et al, 2008; Baker et 
al., 2009; Yang et al, 2009; Brunetti et al., 2010; Merkel et al., 2010; Zhao et al., 2010; Favre 
2011).  Due to the low CO2 partial pressure of flue gases, it is difficult for using one-stage 
membrane systems to achieve the purity above 95% for CO2 product simultaneously under the 
typical requirement of 90% CO2 removal efficiency (Zhao et al., 2008). Even with an ideal 
CO2/N2 selectivity up to 200, the single-stage membrane process serving for the flue gas with a 
10% mole fraction of CO2 could not simultaneously achieve 90% removal efficiency and 90% 
purity (Favre, 2007). In contrast, membrane systems using two stages or more are able to 
simultaneously fulfill both the targets of removal efficiency and product purity for CO2 (Yang et 
al., 2009; Zhao et al., 2010). Minor gas components in real flue gases such as sulfur oxides (SOx) 
and carbon monoxide (CO) might affect membrane separation performance through competitive 
sorption and plasticization (Scholes et al., 2009; Scholes et al., 2010; Scholes et al., 2011). 
However, their influences still remain largely unstudied. This lack of a general understanding 
limits efforts of system modeling to basically focus on only the separation of CO2 and N2 

(Scholes et al., 2009; Favre, 2011).  

Beyond separation modeling alone, some recent studies also evaluated energy penalties 
and costs for membrane-based capture systems. Using vacuum pumps in place of compressors to 
reduce energy penalties was proposed in some studies (Ho et al., 2008; Yang et al., 2009; Merkel 
et al., 2010, Zhao et al., 2010). However, vacuum equipment is more capital intensive; and the 
optimum assumption of vacuum pressures less than 0.1 to 0.2 bar or lower in process designs 
may bias assessments of membrane system feasibility because it is hard to practically achieve 
such low vacuum pressures for a full-scale capture system (Merkel et al., 2010). Besides, the 
costing methods and scope for membrane systems analysis are not consistent across existing 
studies. For example, indirect capital costs and owner’s costs are often ignored. CO2 product 
compression is not included in the scope of some studies’ energy and cost calculations, although 
it is one of major cost components of a CCS system. 

The objectives of this study are to:  (1) systematically evaluate performance and cost of 
two-stage polymeric membrane systems for CO2 capture at coal-fired power plants; and (2) 
investigate the effects on membrane capture systems of key parameters and designs using a 
widely-used costing method that allows comparative assessment for different CO2 capture 
technologies in a common framework. 

 

SYSTEM MODELING AND COSTING METHODS 

This section presents mathematical performance models and cost assessment approaches for 
membrane capture systems for coal-fired power plants. 
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Binary Gas Separation 

A membrane gas separation process has no chemical reactions and thus no need for 
sorbent regeneration. Gas separation by polymeric membranes relies mainly on the permeability 
of membrane materials. The driving force for gas separation is the partial pressure difference 
between the feed side and the permeate side of a membrane. Transport flux through polymeric 
membranes is expressed as (Geankoplis, 1993): 

 

ܬ ൌ
כܲ

ߜ
൫ݔ ௙ܲ െ ݕ ௣ܲ൯ (1)

 
Where ܬ is the volumetric flux (cm3/(cm2.s)); ܲכ is the gas permeability (cm3.cm/(s.cm2.cmHg)); 
 is the membrane thickness (cm); ௙ܲ and ௣ܲ are the pressures in the feed and permeate sides ߜ
(cmHg); and ݔ and ݕ are the concentrations of CO2 in the feed and permeate streams (vol %). 
Membranes can be packed in modules to operate under different flow patterns such as cross-
flow, concurrent flow, and countercurrent flow. Cross-flow modules shown in Figure 1 are most 
often used in industrial practice. 
 

 

Figure 1 Schematic of a cross-flow membrane module 

 
 In formulating theoretical separation models, isothermal conditions, negligible pressure 
drop and constant gas permeability independent of pressure are generally assumed. The local 
permeation rate of either CO2 or N2 in a binary membrane system for the cross-flow pattern over 
a differential membrane area (dA) is described as (Geankoplis, 1993): 
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Dividing Equation (2) by Equation (3) yields: 
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where, ܣ  is the membrane area (cm2); ݍ  is the gas flow rate (cm3/s);  is the membrane 
selectivity (PCO2

* /PN2
* ) for CO2 versus N2 gases; and  is the pressure ratio (Pf/Pp) for feed versus 

permeate sides. The CO2 of flue gas is enriched in the permeate stream through the CO2-selective 
membrane. Equation (4) relates the concentrations of CO2 in both feed and permeate streams. 
We can see that in terms of the governing equations above, membrane selectivity, pressure ratio 
and stage cut are the key parameters for a membrane gas separation process. Weller and Steiner 
applied mathematical transformations to obtain an analytical solution to the governing equations 
as (Geankoplis, 1993): 

 
ሺ1 െ ሻሺ1כߠ െ ሻݔ

1 െ ௙ݔ
ൌ ቆ

௙ݑ െ ܦ/ܧ
ݑ െ ܦ/ܧ
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ோ

൬
௙ݑ െ ߙ ൅ ܨ
ݑ െ ߙ ൅ ܨ

൰
ௌ

ቆ
௙ݑ െ ݂
ݑ െ ݂

ቇ
்

 
(5)

 
Furthermore, the membrane area required was obtained as (Geankoplis, 1993):  
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Given feed compositions, membrane properties, feed- and permeate- side pressure deigns 

and membrane module stage-cut, the CO2 concentrations of permeate and residue streams and 
membrane area can be solved using the analytical approach above via an iterative process.  
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Power Use of Major Equipment 

Power plants flue gases typically have 10% to 15% CO2 by volume, which results in a 
low CO2 partial pressure. The sufficient partial pressure difference of CO2 between the feed and 
permeate sides can be generated by three strategies including feed-side compression, permeate-
side vacuum pumping, and a combination of both the previous methods. The energy use for 
either compressors or vacuum pumps is estimated as (Vallieres et al, 2003; Bounaceur et al, 
2006; Favre, 2007; Yang et al, 2009): 

 

ܧ ൌ
1
ߟ
ܳ
ܴܶߛ
ߛ െ 1

ቈ൫ ሶ߰ ൯
ఊିଵ
ఊ െ 1቉ (7)

 
where, ܧ is the equipment power use (W); ܳ is the gas flow rate through the equipment (mole/s); 
ܶ is the operating temperature (K); ߟ is the equipment efficiency (%); ߛ is the adiabatic expansion 
factor; and ሶ߰  is the pressure ratio across the compressor or vacuum pump. When a compressor is 
used in the feed side, the compression energy may be recovered partly from the residue stream 
using an expander. The recovered energy is estimated as: 
 

ܧ ൌ
1
ߟ
ܳ
ܴܶߛ
ߛ െ 1

ቈ1 െ ൫ ሷ߰ ൯
ఊିଵ
ఊ ቉ (8)

 
where ሷ߰  is the pressure ratio across the expander. The equipment efficiency is typically assumed 
in the range from 0.85 to 0.90 in engineering studies (Favre, 2007). The specific heat ratio or 
expansion factor of a gas mixture is calculated as (Sutton and Biblarz, 2001): 
 

௣,௠௜௫ܥ ൌ
∑ ௝݊ܥ௣,௝
௃
௝

∑ ௝݊
௃
௝

 

 

(9)

ߛ ൌ
௣,௠௜௫ܥ

௣,௠௜௫ܥ െ ܴ′
 

 

(10)

Where ܥ௣ is the molar specific heat at constant pressure (e.g. 37.129 J/mol-K for CO2 and 29.125 
J/mol-K for N2); ௝݊ is the gas molar fraction; and ܴ′ is the universal gas constant (8.314 J/gram-
mol-K).  

The final CO2 product stream needs to be compressed to a supercritical fluid for transport 
to a storage site. The energy requirements and cost of that compression are commonly attributed 
to the capture component of the CCS chain.  The energy use for CO2 product compression is 
estimated using the IECM (IECM, 2012). 

Heat Exchange  

Challenging operation environment may affect the stability of membrane properties. For 
instance, the CO2/N2 selectivity may suffer a remarkable loss when membrane systems operate 
under high temperatures (Lin and Freeman, 2004). Compressing a feed-in gas stream in an 
adiabatic process increases the gas temperature. Therefore, heat exchangers are needed to 
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maintain a stable operation. The adiabatic temperatures of a gas stream through pressure 
changing units such as compressors and vacuum pumps are related by (Geankoplis, 1993): 

 

ଶܶ

ଵܶ
ൌ ൬ ଶܲ

ଵܲ
൰

ఊିଵ
ఊ

 
(11)

 
where ଵܶ,  ଶܶ are the temperature of a gas stream at the inlet and outlet, respectively; and ଵܲ, ଶܲ 
are the inlet and outlet pressures of a gas stream (bar). The outlet temperature ( ଶܶ) is further 
adjusted based on the equipment efficiency. The rejected heat of a gas stream is estimated as: 
 
ݍ ൌ ሶ݉ ௣,௠௜௫൫ܥ ଶܶሖ െ ଵܶ൯ (12)
 
where q is the rejected heat of a gas stream (J/sec); ሶ݉  is the gas stream flow rate (moles/sec); and 

ଶܶሖ  is the adjusted outlet temperature of a gas stream (oK). The required area of a heat exchanger 
is estimated as: 
 

ு௘ா௫ܣ ൌ
ݍ

ܷ  ∆ ଶܶ െ ∆ ଵܶ

݈݊ ቀ∆ ଶܶ
∆ ଵܶ

ቁ

 (13)

 
where  ܣு௘ா௫ is the heat exchange area (m2); ∆ ଵܶ, ∆ ଶܶ are the temperature difference between 
the gas stream and the cooling water at inlet and outlet (oF), respectively; ܷ is the heat transfer 
coefficient (W/m2). The heat transfer coefficient is 110 W/m2 for pressurized gases and 50 W/m2 
for atmospheric gases (Hendriks, 1994).  

To briefly summarize, the analytical procedure used in this paper is as follows: given the 
flue gas flow rate and composition, membrane properties, pressure specifications, and CO2 
removal targets, the performance model is used to calculate permeate and residue flow rates and 
associated CO2 concentrations, as well as the membrane size.  The stream flow rates derived 
from the separation modeling also are used to estimate the power requirements of individual 
pieces of equipment. Subsequently, economic calculations are driven by parameters and results 
of the process performance modeling, primarily the membrane area and equipment power use. 

Costing Method 

The process performance models described above are linked to engineering-economic 
models that estimate the capital cost, annual operating and maintenance (O&M) costs and total 
levelized annual cost of the capture system and the overall power plant. The costing method and 
nomenclature in this study are based on the Electric Power Research Institute’s (EPRI) Technical 
Assessment Guide (TAG), which has been adopted widely as an industry standard (EPRI, 1993). 
To outline the costing methodology, Figure 2 presents the technical and cost assessment 
framework for membrane capture systems. 
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Figure 2 Technical and cost assessment framework for membrane capture systems 

 
 
 

The total capital requirement (TCR) of a membrane-based capture system takes into 
account the direct costs of purchasing and installing process equipment (called the process 
facilities capital, PFC), plus a number of indirect costs such as the general facilities cost, 
engineering and home office fees, contingency costs and several categories of owner’s costs. The 
major components of the PFC include the membrane module and frame, compressors, expanders, 
vacuum pumps and heat exchangers as well as CO2 product compression. The indirect capital 
costs are commonly estimated as a percent of the PFC based on industry guidelines. Fixed O&M 
(FOM) costs include operating labor, maintenance costs, and overhead costs associated with 
administrative and support labor. Variable O&M (VOM) costs includes material replacement, 
electricity, and (where appropriate) CO2 product transport and storage (T&S). Tables 1 and 2 
summarize the approaches to capital, fixed and variable O&M cost estimates for membrane 
systems, respectively. The nomenclature is explained in detail in the EPRI’s TAG (EPRI, 1993). 
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Table 1 Capital cost estimation for membrane capture systems 

Process Area/Cost Methoda  

Membrane module (1) ܣ௠ · ܿ௠  

Membrane frame (2) 
൬
௠ܣ
2000

൰
଴.଻

· ܿ௠௙ 
 

Compressors (3) ݁௖௣௥ · ܿ௖௣௥  

Expander (4) ݁௘௫௣ · ݇௘௫௣ ·   ௛ܨ

Vacuum pumps (5) ݁௩௣ · ܿ௩௣  

Heat exchangers (6) ܣு௘ா௫ · ܿு௘ா௫  

CO2 product compression (7) ݁௖௠௣ · ܿ௖௠௣  

Process Facilities Capital (PFC) (8) (1) +(2)+….+ (7)   

General facilities capital (9) % of PFC  

Eng. & home office fees (10) % of PFC  

Project contingency cost (11) % of PFC  

Process contingency cost (12) % of PFC  

Interest Charges (13)   

Royalty fees (14) % of PFC  

Preproduction cost (15)   

Inventory capital (16) % of TPCb  

   

Total Capital Requirement (TCR) (8) + (9) +…. + (16)   
a Notation:   

  ;ு௘ா௫ = heat exchanger area (m2)ܣ
  ;௠ = membrane area (m2)ܣ
ܿ௖௠௣ = installed unit cost of CO2 product compression ($/kW). 
ܿு௘ா௫ = installed unit cost of heat exchanger ($/m2);  
ܿ௠ = unit cost of membrane module ($/m2);  
ܿ௠௙ = referred frame cost (M$ 0.238) (Van Der Sluijs et al., 1992);  
ܿ௖௣௥ = installed unit cost ($/kW);  
ܿ௩௣ = installed unit cost of vacuum pump ($/kW);  
݁௖௠௣ = CO2 product compression power use (kW); and  
݁௖௣௥ = compressor power use (kW);  
݁௘௫௣ = expander power use (kW);  
݁௩௣ = vacuum pump power use (kW);  
  ; ௛ = equipment cost factor for housing, installation, etc (1.8)ܨ
݇௘௫௣ = unit cost ($/kW). 

b  TPC is the total plant cost, which is the sum of (8)+(9)+(10)+(11)+(12). 
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Table 2 Operation and maintenance cost estimation for membrane capture systems 

Variable  
Cost Component 

Methoda Fixed Cost Component Method 

Material replacement (1) ሺܣ௠ · ሻߴ · ܿ௥௠  Operating labor (4)  
Electricity (2) MWh ·  Maintenance labor (5) % of TMCb  ܧܱܥ
CO2 transport & storage  
(when considered) (3)  

݉஼ைଶ · ்ܿ&ௌ  Maintenance material (6) % of TMC 

   Admin. & support labor (7) % of Total labor 
     
Variable O&M Costs (1)+(2)+(3)   Fixed O&M Costs (4)+(5)+(6)+(7) 
a   Notation:  

 ;௠   = membrane area (m2)ܣ
ܿ௥௠   = material replacement cost ($/m2);  
்ܿ&ௌ  = CO2 transport and storage costs ($/mt CO2) 
  ;cost of electricity ($/MWh) =  ܧܱܥ
݉஼ைଶ  = annual CO2 captured (mt/yr);  
MWh   = annual system power use (MWh); 
 .(%) annual material replacement rate =   ߴ 

b  TMC is the total maintenance cost. 
 

BASE CASE STUDIES 

The IECM (v 7.0-beta) was used to conduct base case studies for illustrative supercritical PC 
power plants with and without a two-stage membrane CCS. Figure 3 presents schematic of a 
two-stage membrane CCS system that applies both compressors and vacuum pumps to produce 
driving force for membrane gas separation. The base plants comply with federal New Source 
Performance Standards for air and water pollutants. Table 3 summarizes major performance and 
economic assumptions for the base plants with a net power output of 550 MW.  
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Figure 3 Schematic of a two-stage membrane capture system 

 

The membrane system employed in the base capture case is configured with two stages 
operated for the cross-flow pattern. As shown in Figure 3, the residue stream out of the first stage 
is vented out to atmosphere. The residue stream out of the second membrane is recycled to the 
entrance of the capture system, and has the same CO2 concentration as the inlet flue gas. The 
CO2-rich permeate stream out of the second stage is further compressed via a multi-stage 
compressor before it is transported to a storage site. In this system the combination design of 
feed-side compression and permeate-side vacuum pumping is adopted to generate the driving 
force for CO2/N2 separation. Membrane properties and costs are based on recently reported data 
for polymeric membranes (Merkel et al, 2010). Cost data for other major process equipment are 
based on the literature and IECM estimates (Van Der Sluijs et al, 1992; Noble and Stern, 1995; 
Rao and Rubin, 2002; IECM 2012). Base case assumptions regarding indirect capital and O& M 
costs are similar to those of an amine-based capture system (Rao and Rubin, 2002; IECM 
2012).Nominal values of major technical and cost metrics defining the membrane-based capture 
system are also presented in Table 3. The two stages of the capture system have identical 
material properties and pressure designs. 
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Table 3 Technical and economic assumptions for base power plant and membrane system 

Category Variable Value 
Power plant  
(w/o CCS) 

Plant type Supercritical
Coal type Illinois #6 

 Environmental controls SCR + ESP + FGDa

 Cooling system Wet tower 
 Capacity factor (%) 75 
 Net electrical output (MW) 550 
 CO2 molar concentration in flue gas (%) 11.8 
 Flue gas pressure (bar) 1.0 
 Fixed charge factor 0.113 
 Dollar year/type 2010/constant
   
Membrane system CO2 permeance (S.T.P. gpu)c 1000 
 CO2/N2 selectivity (S.T.P.) 50 
 System operating temperature (o C) 30 
 CO2 product compression (kWh/mt CO2) 93 
 Membrane module price ($/m2) 50 
 Gas compressor installed cost ($/hp) 500 
 Gas vacuum pump installed cost ($/hp) 1000 
 Gas expander unit cost ($/kW) 500 
 Heat exchanger capital cost ($/m2) 300 
 Product compression installed cost ($/kW) 900 
 General facilities capital (% of PFC) 10 
 Engineering & home office fees (% of PFC) 7 
 Project contingency cost (% of PFC) 15 
 Process contingency cost (% of PFC) 5 
 Royalty fees (% of PFC) 0.5 
 Pre-production costs  
 Months of fixed O&M 1 
 Months of variable O&M 1 
 Misc. capital cost (% of TPId) 2 
 Inventory capital (% of TPCd) 0.5 
 CO2 transport and storage costs ($/mt) 5.0 
 Material replacement rate (%) 20 
 Material replacement cost ($/m2) 10 
 Number of operating jobs (jobs/shift) 2 
 Number of operating shifts (shifts/day) 4.75 
 Total maintenance cost (TMC) (% of TPC) 2.5 
 Maint. cost allocated to labor (% of TMC) 40 
 Administrative & support cost (% total labor) 30 
 Labor rate ($/hr) 34.65 
a  SCR = selective catalytic reduction; ESP =electrostatic precipitator device; and FGD = flue gas 

desulfurization;  
b The S.T.P. indicates the standard temperature and pressure conditions (0oC and 1 atmospheric 

pressure);  
c 1 gas permeation unit  (gpu) = 10−6 cm3 (S.T.P.)/(cm2·s·cmHg);  
d TPC is the total plant cost, and TPI is the total plant investment. 
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A wide range of process scenarios are designed to explore the potential operational space 
of the two-stage membrane-based capture process and characterize key input-output response 
relations. The reduced-order models (ROMs) are then formulated and embedded in the IECM.  
The detailed ROMs also are available in the appendix.  
 

Table 4 Performance and cost results of coal-fired power plant with and without two-stage 
membrane system for 90% CO2 capture 

Parameter Carbon capture and storage (CCS) 
Without With 

Gross electrical output (MW) 589.7 883.2 
Net electrical output (MW) 550.0 550.0 
Net plant efficiency(%, HHV) 38.4 25.7 
CO2 emission rate (kg/kWh) 0.816 0.122 
Two-stage membrane CCS system   

Pressure ratio for permeate versus feed sides n/a 20.5 
Feed-side pressure (bars) n/a 4.1 

System power use (% of MWg) n/a 31.1 
Plant cost of electricity (COE) ($/MWh) 59.4 117.0 
Added COE for CCS ($/MWh)  57.6 
Cost of CO2 avoided ($/mt)  83 

 
When the two-stage membrane CCS is added to the PC plant for 90% removal efficiency 

and 95% product purity for CO2, the pressure ratio for feed versus permeate side is required to be 
about 20 for the given membrane properties in Table 3. To achieve this pressure ratio, the feed 
stream is compressed to be 4.1 bars and the permeate stream is vacuumed to be 0.2 bar. The 
results in Table 4 show that with the addition of CCS, the net plant efficiency (HHV) decreases 
from 38.4% to 25.7% mainly because the power us of the capture system accounts for 31% of 
the gross power output. As a result of adding CCS, the levelized cost of electricity (COE) of the 
base plant increases by 97%, which is larger than that for the current amine-based capture system 
(Rubin et al, 2007). The resulting cost of CO2 avoided for the PC plants with and without capture 
is $83 per metric tonne of CO2, which is a widely-used cost metric for inter- and intra-technology 
comparisons. Because a number of factors affect the capture system performance and cost, we 
next undertake a series of parametric analyses to examine the effects of various parameters and 
designs on the plant performance and the cost of CO2 avoided by membrane systems.  

 

SENSTIVITY ANALYSIS 

Parametric analyses also were conducted to investigate the effects of feed-side pressure, 
membrane properties and price on the power plant and membrane capture system. In each 
capture case of fulfilling the desired separation of 90% removal efficiency and 95% product 
purity for CO2, other parameters were kept at their base case values, unless otherwise noted.  
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Feed-side Pressure 

We first examine how different feed-side pressure designs affect the plant performance 
and the cost of CO2 avoided by the two-stage membrane system. For the fixed pressure ratio of 
20, the feed-side pressure is varied from 2.0 bars to 10.0 bars. To elevate the feed-side pressure 
significantly increases the system power requirements, although it reduces the required 
membrane area. Figure 4 shows that as a result of increasing the feed-side pressure by 
compressors, the net plane efficiency (HHV) decreases from 27.8% to 20.1%, and the cost of 
CO2 avoided for the PC plants with and without capture increases from $73 to $141 per metric 
tonne of CO2. These results imply that using compressors alone would make the capture 
system’s overall energy penalty far too large to be affordable, even if an expander is used to 
recover part of the energy. 

 

 

Figure 4 Effects of feed-side pressure of two-stage membrane system on net plant efficiency 
and cost of CO2 avoided 

 

Membrane Properties  

We conduct additional sensitivity analyses to evaluate the effects of membrane CO2/N2 
selectivity and CO2 permeance on the cost of CO2 avoided by the two-stage membrane system. 
Here the CO2/N2 selectivity is changed from 40 to 70, while the CO2 permeance is evaluated at 
1000, 2000 and 3000 gpu. In this analysis, the permeate-side pressure is held at 0.20 bar for all 
cases. The required pressure ratio decreases from 29.3 to 14.3 and the net plant efficiency (HHV) 
increases from 23.4% to 27.5%, when the selectivity increases within the selected range. Figure 
3 shows the cost of CO2 avoided as a function of the membrane selectivity. Figure 5 shows that 
for a given permeance, the cost decreases up to a selectivity of 60, then remains roughly 
constant. For a given selectivity, increasing the CO2 permeance reduces the cost of CO2 avoided 
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by decreasing the required membrane area. These results clearly indicate the cost of CO2 avoided 
is highly affected by membrane properties.  
 
 

 

Figure 5 Effect of membrane properties on cost of CO2 avoided by two-stage membrane 
system 

 

Membrane Module Price 

The assumption of membrane module price directly affects cost estimates. Figure 6 
shows that effect of membrane price for three CO2 permeances. To reduce the cost of producing 
membrane modules decreases the cost of CO2 avoided by the capture system. For example, for a 
permeance of 1000 gpu the cost of CO2 avoided decreases from $98.4/mt to $76.9/mt as the unit 
price falls from $150 to $10 per square meter. At higher values of CO2 permeance the cost is 
relatively less sensitive to the membrane price because the required membrane area decreases 
with increasing permeance. When the membrane module price approaches to the smallest value, 
the cost of CO2 avoided is still high up to more than $70/mt CO2, which is mainly accounted for 
by the costs of major equipments including the compressors, vacuum pumps and an expander as 
well as the CO2 product compression and storage.  
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Figure 6 Effect of membrane module price on cost of CO2 avoided by two-stage membrane 
system 

 

SUMMARY 

The system analyses demonstrate the feasibility of multi-stage membrane systems for CO2 
capture at coal-fired power plants. However, potential impacts of minor air pollutants in real flue 
gases on the membrane system performance are not taken into account. To simultaneously 
achieve 90% capture and 95% product purity for CO2, adding a two-stage membrane system to a 
PC power plant nearly doubles the plant COE and incurs a high energy penalty up to about 30% 
of the gross electrical output. A series of parametric analyses exhibits that the driving force 
design of using both compressors and vacuum pumps to lower the feed gas compression 
pressures is effective with reducing the capture system’s energy penalty and cost of CO2 
avoided; and improving membrane properties, along with lowering the cost of producing highly 
permeable membranes would further decrease the capture cost and enhance the viability of 
membrane technology.  
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APPENDIX 

REDUCED-ORDER MODELS FOR TWO-STAGE 
MEMBRANE SYSTEMS 

The two-stage membrane system mainly consists of two membrane modules and a variety of 
equipments including feed-side compressors, an expander, vacuum pumps, and heat exchangers. 
Besides, the concentrated CO2 product stream obtained from membrane separation is compressed 
and dried using a multi-stage compressor, and then is transported to a storage site. In the IECM, 
both the membrane modules have identical materials and pressure designs; the gas flow out of 
the second membrane at the residue end is recycled to the entrance of the capture system, and has 
the same CO2 concentration as the inlet plant flue gas.  

 A wide range of process scenarios are designed to explore the potential operational 
space of a two-stage membrane-based capture process and characterize key input-output 
response relations. The CO2 product purity is designed to be 95 percent for all the process 
scenarios. The reduced-order models (ROMs) are formulated based on the process modeling 
results, and then embedded into the IECM to evaluate the performance of membrane-based 
capture systems. It, in turn, allows comparative assessment for different CO2 capture 
technologies in a common framework. 

 Table A1 summarizes the major input and output variables included in the ROMs. Each 
of the input parameters is varied over a range to cover possible operation conditions. For the 
given ranges of key input variables shown in Table A1, there are a total of 960 scenarios 
designed and modeled for quantifying input-output response relations among the major process 
parameters.  
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Table A1 Summary of Key Input and Output Variables for Reduced-Order Models 
Parameter Symbol Unit Variable 

Type 
Range 

CO2 removal efficiency η % Input 60-95 
CO2 concentration of inlet Flue gas x Molar fraction Input 10-15 
Membrane CO2 permeance τ gpu Input 500-5000 
Membrane CO2/N2 selectivity φ ratio Input 40-75 
Permeate-side pressure P୮ bar Input 0.2 
Pressure ratio α ratio Output  
Pressure-side pressure P୤ bar Output  
Stage-cut 1 ׎ଵ fraction Output  
Stage-cut 2 ׎ଶ fraction Output  
Permeate CO2 concentration  
@Stage 1 

y Molar fraction Output  

Membrane area @ Stage 1 a෤ଵ m2/m3 of flue gasa Output  
Membrane area @ Stage 2 a෤ଶ m2/m3 of flue gasa Output  
a That represents the total flue gas flow rate into the membrane capture system.  
 
 

Regression Equations 

 The data collected from the process modeling results were used to develop multivariate 
regression equations using a statistical package called Minitab. The resulting regression 
equations for major parameters are: 

The pressure ratio for feed side to permeate side is estimated as a function of inlet CO2 
concentration of flue gas, CO2 removal efficiency, and membrane CO2/N2 selectivity:  
  
Lnሺαሻ ൌ 10.5 െ ݔ36.6 ൅ ଶݔ93.6 െ 6.73η ൅ 5.63ηଶ െ 0.0889φ ൅ 0.000590φଶ (A1)
(R-Sq(adj) = 93.0%, Sample size: 384) 
   
The stage cut at the first module is estimated as a function of CO2 removal efficiency, inlet CO2 
concentration of flue gas, membrane CO2/N2 selectivity, and pressure ratio: 
 
ଵ׎ ൌ  െ0.249 ൅ ݔ1.29 ൅ 0.336η ൅ 0.000732φ െ 0.0123Lnሺαሻ (A2)
 (R-Sq(adj) = 97.3%, Sample size: 384) 
 
The stage cut at the second module is estimated as a function of CO2 removal efficiency, 
membrane CO2/N2 selectivity, and stage cut: 
 
ଶ׎ ൌ 0.900 െ 0.207η െ 0.00295φ െ ଵ (A3)׎0.331
(R-Sq(adj) = 97.4%, Sample size: 384) 
 
The CO2 concentration of the permeate flow out of the first module is estimated as a function 
of inlet CO2 concentration of flue gas, CO2 removal efficiency, membrane CO2/N2 
selectivity, pressure ratio, and stage cut: 
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ݕ ൌ 0.589 ൅ ݔ1.51 െ 0.0337η െ 0.00164φ ൅ 0.0131Lnሺαሻ െ ଵ׎0.794 (A4)
(R-Sq(adj) = 98.7%, Sample size: 384) 
 
The product of normalized membrane area and membrane CO2 permeance is estimated as a 
function of inlet CO2 concentration of flue gas, CO2 removal efficiency, membrane CO2/N2 
selectivity, pressure ratio, and stage cut: 
 
Lnሺa෤ଵτሻ ൌ 13.3  ൅ ݔ 7.17 ൅ 2.67 η ൅ 0.0282 φ െ 1.18Lnሺαሻ െ ଵ (A5)׎0.00167
(R-Sq(adj) = 99.8%, Same size: 960) 
 
Lnሺa෤ଶτሻ ൌ 10.5  ൅ ݕ 15.7 ൅ 1.73 η ൅ 0.0155 φ െ 1.14Lnሺαሻ െ ଶ׎11.9 (A6)
(R-Sq(adj) = 99.8%, Same size: 960) 
 
When the permeate-side pressure differs from the scenario value (0.20 bar), but other 
parameters and process designs are kept at their values in the scenarios above, the membrane 
area is estimated as: 
 

௠ܣ ൌ ௠௢ܣ ൬
0.20

௉ܲ
൰ 

(A7)

where ܣ௠௢  is the membrane area (m2) referred to the base case in which the permeate-side 
pressure is 0.20 bar; ܣ௠ is the membrane area (m2) with a permeate-side pressure different 
from the base value, and ௉ܲ is the actual permeate-side pressure (bar). 


