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This paper performs a techno-economic analysis of natural gas-fired combined cycle (NGCC) power plants integrated with CO, selective membranes for
post-combustion CO; capture. The configuration assessed is based on a two-membrane system: a CO, capture membrane that separates the CO, for final
seques-tration and a CO; recycle membrane that selectively recycles CO, to the gas turbine compressor inlet in order to increase the CO, concentration in
the gas turbine flue gas. Three different membrane technologies with different permeability and selectivity have been investigated. The mass and energy
balances are calculated by integrating a power plant model, a membrane model and a CO; purification unit model. An economic model is then used to
estimate the cost of electricity and of CO, avoided. A sensitivity analysis on the main process parameters and economic assumptions is also performed. It
was found that a combination of a high permeability membrane with moderate selectivity as a recycle membrane and a very high selectivity membrane
with high permeability used for the capture membrane resulted in the lowest CO, avoided cost of 75 US$/tco». This plant features a feed pressure of 1.5
bar and a permeate pressure of 0.2 bar for the capture membrane. This result suggests that membrane systems can be competitive for CO, capture from
NGCC power plants when compared with MEA absorption. However, to achieve significant advantages with respect to benchmark MEA capture, better
membrane permeability and lower costs are needed with respect to the state of the art technology. In addition, due to the selective recycle, the gas
turbine operates with a working fluid highly enriched with CO,. This requires redesigning gas turbine components, which may represent a major
challenge for commercial deployment.
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1. Introduction

Membranes for CO, separation are receiving growing atten-
tion for application in the field of carbon capture and storage
(CCS). Membrane separation is a continuous process that is attrac-
tive compared with absorption technologies for CCS because it
does not require heat for regeneration and therefore does not
affect steam turbine operations in the power plant. It can also be
applied in energy intensive industries both as post-combustion and
pre-combustion capture. In developing membrane processes for
post-combustion carbon capture, the technical challenges arise due
to the low partial pressure of CO, in the flue gas. Research efforts
have been mostly focused on materials development in order to
improve the permeability and selectivity with respect to the state-
of-the-art materials. It is well known that performance of polymeric
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membranes, the most investigated CO, membrane technology, is
characterized by an ‘upper bound’ that correlates permeability and
selectivity (Robeson, 2008). In other words, polymeric membranes
with high permeability usually have low selectivity and vice-versa,
as explained theoretically by Freeman (1999). In addition to mem-
brane materials, research has been conducted on the integration of
the membrane separation process within the power plant.

The application as post-combustion capture systems in coal
fired power plants has received the largest attention from
researchers (Ho et al., 2008; Merkel et al., 2010; Scholes et al.,
2013; Zhao et al., 2010) due to the higher partial pressure of CO, in
the feed stream that facilitates the membrane separation. Different
configurations with two or more membrane modules in series or
parallel to achieve high CO, capture rate and high purity with the
lowest cost have been examined.

Integration of CO, membranes in natural gas combined cycles
(NGCCs) is more challenging, due to the much lower CO, content in
the flue gases with respect to coal plants. Nevertheless, some stud-
ies have focused on using membranes for carbon capture in natural
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Nomenclature

CCA Cost of CO, avoided

CCM Carbon capture membrane

CCs Carbon capture and storage

COE Cost of electricity

CPU Cryogenic purification unit

CRM Carbon recirculation membrane

E Specific CO, emissions [kg/MWh]

f Friction factor

e.m. Electric motor

GT Gas turbine

HRSG  Heat recovery steam generator

int Interface

] Flux through membrane [mol/s/m?]
j Flux through membrane [mol/s]

K Permeance [gpu] or [mol/s/m2/Pa]
LHV Lower heating value

MEA Monoethanolamine

MTR Membrane technology & research

n Mole flow of a specific specie [mol/s]
NGCC  Natural gas combined cycle

perm  Permeate side of the membrane
PIM Polymers of intrinsic microporosity
ref Reference power plant without CO, capture
RH Reheater

SH Superheater

SPECCA Specific primary energy consumption for CO,
avoided [M]rnv/Kkgco2]

TIT Turbine inlet temperature (total temperature at 1st
rotor inlet)

TOT Turbine outlet temperature

X Mole fraction

Greek

MNpol Polytropic efficiency

gas power plants (Gonzalez-Salazar, 2015; Swisher and Bhown,
2014). In order to increase the CO, partial pressure in the mem-
brane feed, Merkel et al. (2013) proposed a novel configuration
with two membranes in series, where one membrane is used for a
selective CO, recycle to the gas turbine (GT) compressor inlet, sig-
nificantly increasing the CO, content in the flue gas and facilitating
the CO, separation in the other membrane.

The aim of this paper is to assess the thermodynamic per-
formance and economics of the integration of CO, membranes in
NGCCs according to such a process configuration, performing
sensitivity analyses on the main process variables and economic
assumptions.

2. Methodology

2.1. Power plant model

The power plant integrated with CO, separation membranes
assessed in this work follows the concept proposed by Merkel et al.
(2013) and is shown in Fig. 1. The system is based on two mem-
branes operating in series on the flue gas exiting the heat recovery
steam generator (HRSG). The first one is the CO, capture
membrane
(CCM), which is a 3-port module (i.e. with no sweep gas on the
permeate side), using a vacuum pump to keep a sub-atmospheric
pressure on the permeate stream in order to limit the membrane
surface. The CO, separated by this membrane (stream #14) is then
treated and made ready for transport and storage after being taken

to 110bar (#15) in an intercooled compression train. To meet the
standards on CO, purity for pipeline transport and storage, if the
overall concentration of non-condensable gases in the separated
CO,, flow exceeds the assumed specifications of 4% (de Visser et al.,
2008), a self-refrigerated two-stage phase-change CO, purification
unit (CPU) is adopted. The vent gas from the flash units (#16),
which contains most of the non-condensable gases but also has a
sig-nificant concentration of CO,, is recycled to the CCM inlet so as
to reduce the CO, lost in the purification process. In the CCM, it is
assumed that 90% of the CO, generated by NG combustion is
separated.

The second membrane is the CO; recycle membrane (CRM). It is
a4-port membrane with a counter-current arrangement where the
retentate of the CCM represents the feed stream (#11) while fresh
air (#2) is used as sweep gas on the permeate side before entering
the GT compressor. The idea of adopting a selective CO, recycle
through this CRM is to substitute the large air excess needed ina GT
to control the maximum cycle temperature with recirculated CO5.
In this way, dilution of CO, in the flue gas with nitrogen and oxygen
is reduced with beneficial effects on the CO, partial pressure in the
CCM. In the CRM, the flow rate of the separated CO, is determined
to obtain the target Turbine Inlet Temperature (TIT) of 1360°C in
the gas turbine engine. The flow rate of fresh air, used as sweep gas
in the CRM, is adjusted to obtain an O, concentration of 2.5%vol. at
the combustor outlet (#6), to guarantee a complete combustion.

Aflue gas compressor is used to increase the pressure of the feed
gas to the two membranes and increase the driving force for sepa-
ration. In the base case, a feed pressure of 2 bar has been assumed.
A turbine is then used to recover the pressure energy from the
retentate of the CRM (#12).

The pressure drop in the two membrane stages is assumed equal
to 2.5% of the feed inlet pressure. It is hence assumed that the geom-
etry of the membranes is adapted in each case to achieve the target
pressure drop, as discussed in the following sections. Nearly atmo-
spheric pressure is always kept on the permeate side of the CRM.
A fan is used on the fresh air stream to balance the ~7% total pres-
sure drop assumed in the filter, the membrane and the downstream
gas cooler. A gas cooler is used to cool the permeate stream of the
CRM (#3) to the GT compressor inlet temperature of 30°C (#4).
Such cooling is needed due to the heat transfer in the CRM and
the relatively high temperature of the gas permeating through the
membrane, as a result of the higher temperature of the feed stream
(#11) after flue gas compression.

The gas turbine is calculated considering a pressure ratio of
18.1 and a TIT of 1360 °C, in line with the state of the art of large
scale heavy duty GTs (EBTF, 2011). It must be highlighted that it is
unlikely that commercial GTs can be adapted for operating under
the conditions imposed on this plant, because the increase in CO,
concentration of the GT working fluid (25-30% vol. at the com-
pressor inlet) leads to modified properties of the working fluid,
affecting the fluid-dynamics of the turbomachines (especially crit-
ical in the compressor) and the heat transfer in the turbine cooled
blades. Therefore, the geometry of commercial GT compressor and
turbine will need to be redesigned for this application. The com-
bustor will also require a substantial redesign to achieve complete
combustion of the fuel with an oxidant stream with a relatively
low O, content. As a term of comparison, a minimum O,
concentration of 17.8% at the inlet of a GE gas turbine combustor
was found to be acceptable for a stable and efficient combustion
(ElKady et al., 2009; Evulet et al., 2009), to be compared with about
14% of the base case of this study.

In this work, the gas turbine is calculated with the model pre-
sented in (Chiesa and Macchi, 2004), by considering a machine
design tailored for this application, but with the same technolog-
ical level of today’s gas turbines, i.e. keeping the current cooling
performance of the benchmark GT cycle with no gas recycle. The
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Fig. 1. Process configuration of the NGCC power plant with CO, membranes assessed in this work.

gas turbine model reliably predicts the performance of the cooled
expansion, by calculating the coolant flow rate and the stage effi-
ciency as a function of the thermodynamic and transport
properties of the gas that flows in the machine. The heat recovery
steam cycle is based on a conventional three pressure level HRSG
with reheat (130/28/4 bar, 565/565/300 °C).

All the main assumptions for the power cycle are reported in
Table 1. A constant fuel input of 711 MWLHV is assumed in all the
cases, as estimated for the benchmark NGCC without capture. Mass
and energy balances are solved with the in-house code GS (GECOS,
2016), developed at the Department of Energy of Politecnico di
Milano, except CO, compression, purification and membrane sep-
aration, for which Aspen Plus v8.4° and Aspen Custom Modeler
(“Aspen Technolgy, Inc.,” 2013) have been used.

2.2. Membrane model

The first step in evaluating the membrane area involves defin-ing
the module dimensions and geometry. One of the most relevant
aspects is the surface area to volume ratio (s/v), which affects both
the thermal and the fluid-dynamic problems. In general, a low value
of s/v corresponds to lower pressure drop and a bigger module for a
given separation efficiency. Commercial modules of polymeric
membranes are usually spiral wound or hollow fiber. The first have a
moderate s/v with relatively low pressure drop. Hollow fibers have a
very large s/v and the pressure drops in the fiber lumen can be
significant. Moreover, the shell side needs to be carefully designed to
avoid flow maldistribution. In this paper, reference is made to the
spiral wound arrangement adopted

in membrane modules considered in the DOE funded project n.
FE0005795 (DOE/NETL, 2010).

In the spiral-wound configuration, the module consists of some
membrane sheets wound around a central collection/distribution
pipe. Spacers interposed among the membrane sheets form the
channels that allow the streams flowing on the feed and permeate
side. This arrangement is suitable for use in both 3-port and 4-port
modules. The cross section of a 4-port module is shown in Fig. 2.
The feed streams flows axially through the module (i.e. in a
direction perpendicular to the cross section). The sweep stream is
distributed by the central pipe and flows through the spiral-
shaped channels towards the periphery of the module where it is
collected in an outlet manifold. Even though this assembling
approach produces a cross-flow configuration on the single
module, a counter-current membrane can be obtained by placing
more modules in series as shown in Fig. 3. In the presence of a
sweep gas, a counter-current configuration allows the required
membrane area to be decreased thanks to its favourable partial
pressure profile. The CRM of plant in Fig. 1 is arranged in this way.

The CCM membrane has instead a 3-port configuration given that

sweep gas is avoided to prevent the dilution of the separated

CO,. In the 3-port configuration, the feed stream flows exactly the

same way as in the 4-port. The permeate gas flows inward and is

collected in the inner pipe. Without a sweep gas, a 0.2 bar

permeate pressure is kept in order to reduce the membrane area
and post compression of the gas is required.

The model used in this study to evaluate the membrane perfor-
mance, simulates the spiral wound modules connected in series
as a planar counter-current membrane. The membrane is then



Table 1
Main assumptions used for simulations.

Natural gas
Molar composition, % CHy4, CoHg, C3Hg, C4Hy0, CO5, N, 89,7,1,0.1,2,09
Lower Heating Value, M]/kg 46.48
Higher Heating Value, M]/kg 51.45
CO, emission factor, gcoz /MJinv 56.99

Gas turbine
Compressor pressure ratio 18.1¢
TIT (total temperature at first rotor inlet), °C 1360
Compressor polytropic efficiency, % 92.5
Turbine cooled stage isentropic efficiency, % 92.1P
Turbine uncooled stage isentropic efficiency, % 93.1P
Air pressure loss in the combustor, % 3
Temperature of fuel to combustor, °C 160
Shaft mechanical efficiency, % 99.6
Generator electrical efficiency, % 98.5

Steam cycle

Evaporation pressure levels, bar 130/28/4
Maximum SH/RH steam temperature, °C 565
Minimum approach point AT in SH/RH, °C 25
Pinch point AT in HRSG, °C 10
Liquid subcooling AT at drum inlet, °C 5
Heat losses, % of heat transferred 0.7
Gas side pressure loss in HRSG, kPa 3
HP SH pressure loss, % 7
HP/IP pumps hydraulic efficiency, % 85/75
HP/IP/LP turbine isentropic efficiency, % 92/94/88
Turbine shaft mechanical efficiency, % 99.6
Generator electrical efficiency, % 98.5
Condensing pressure, bar 0.048
Flue gas compressor and expander
Compressor pressure ratio 2
Compressor polytropic efficiency, % 85
Expander polytropic efficiency, % 920
Mechanical/electrical efficiency, % 93
CO; Purification and compression
Low temperature flash temperature, °C -56
High temperature flash temperature, °C —42
Pressure at LT flash inlet, bar 32.6
Minimum AT in low temperature heat exchangers, °C 3
Number of intercooled compression stages 5
Isentropic efficiency, % 85
Mechanical/electrical efficiency, % 92.2
Inter-coolers outlet temperature, °C 28
Inter-coolers pressure losses, % 2
Liquid CO, temperature at pump inlet, °C 25
Liquid CO, pressure at pump inlet, bar 98
CO, vacuum pump
Gas pressure at vacuum pump inlet, bar 0.22
Number of inter-cooled stages 3
Isentropic efficiency, % 85
Mechanical/electrical efficiency, % 92.2
Inter-coolers outlet temperature, °C 28

2 Base case values. Variables subject to sensitivity analysis.
bValues for large turbine stages. The actual efficiency of each stage is corrected by
taking scale effect into account (Chiesa and Macchi, 2004).
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Fig. 2. Cross section of the 4-port spiral wound module considered in the paper. In
this sketch, four membranes sheets are wound around the central distribution pipe.

discretized along the axial coordinate according to the schematic
shown in Fig. 3 and a finite difference method implemented in
Aspen Custom Modeler” is applied to solve the conservation, heat
and mass transfer equations.

2.2.1. Modelling mass conservation and mass transfer

Permeation through the polymeric membrane is described
through Eq. (1) that is derived from the solution-diffusion model. In
this representation, the flux (J) (flow rate per unit of time per unit of
membrane area) of the gas species i is proportional to the difference
in partial pressures (p-X; i,; ) at the gas-membrane interface on the
two sides of the membrane through the permeance (K;)

Ji=K- (pfeed - Xj feed,int — Pperm 'Xi,perm,int) (1)

Permeance is evaluated from literature data, assuming that the
support and inter-diffusive layer do not pose any additional resis-
tance to permeation.

By neglecting the axial diffusion effects, the steady state mass
conservation equation is then written for both the feed and the
permeate side for the k-th cell along the axial coordinate and for
each i-th species included in the streams (Fig. 4).

j= (ﬁ}"*” - hg")) 2)
The previous Eqgs. (1)-(2) are linked by Eq. (3):
JE=Jf-ASy 3)

Fick’s law of diffusion is used to relate the concentration gradi-ent
from the bulk phase (used to defined molar flow rates in Eq. (2))
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Fig. 3. String of 4-port modules connected in series in counter-current configuration.



Table 2
Equipment cost assumptions and references for the plant components.

Plant Component

Scaling Parameter (sp)

Reference Bare
Erected Cost Cy

Reference Size, So Scale factor (sf)

(M$2015)
Power section
Gas turbine, generator and auxiliaries (EBTF, 2011) GT Net Power, MW 70.3 272 0.67
HRSG, ducting and stack (EBTF, 2011) U*A, MW/K 46.4 12.9 0.67
Steam turbine, generator and auxiliaries (EBTF, 2011) ST Gross Power, MW 48.0 200 0.67
Cooling water system and BOP (EBTF, 2011) Condenser cooling duty, MW 70.6 470 0.67
Gas conditioning and CO, separation section
Air Blower (Allinson et al., 2006) Flow, m3/s 0.54 160 1
Flue gas Compressor/Expander (Allinson et al., 2006) Power, MW 43.1 1 0.79
Vacuum pump (Allinson et al., 2006) Inlet flow, m3/s 1.04 70 1
CO, compressor (Allinson et al., 2006) Power, MW 474 1 0.79
Membrane Housing (Allinson et al., 2006) 106 m? 0.25 0.002 0.7
Membrane 10 m? 50 1 1
MEA (EBTF, 2011) CO; captured, kg/s 124 50.8 0.8

AS(k)
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< r‘Ii,perm

Retentate
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Fig. 4. Axial discretization of the membrane module.

to the interface (considered in Eq. (1)). The binary diffusion coef-
ficients are evaluated by the Aspen routines for thermo-physical
properties.

2.2.2. Fluid-dynamics modelling

One of the most important aspects in the simulation of a mem-
brane module is the pressure loss. In the literature (Pfaff and
Kather, 2009; van Hassel, 2004), pressure drop along the
membrane is often neglected or assumed to be a fixed value.
However, calculation of pressure loss is essential for a proper
evaluation of the efficiency of the power plant in which the
membrane is integrated (Brinkmann et al., 2015). The pressure
profile is also crucial for the perme-
ation driving force and has a strong effect on the CO, flux across
the membrane, influencing its area. Neglecting the pressure drop
entails an overestimation of the membrane separation efficiency if
the pressure of the feed and the permeate streams (pPfeeq N and
DPperm,out) 18 fixed. The model accounts for the pressure losses due
to the flow inside the channels, evaluated by the classical
correlations that are valid for laminar flow. Contributions to
pressure loss due to inlet and outlet headers and interconnections
between modules are neglected. However, pressure drops depend
on the geometry of the membrane. Evaluating the actual geometry
of the modules and their overall number is beyond the scope of
this paper. Pressure losses are therefore evaluated by assigning the
overall length of the membrane channels (i.e. considering all the
modules in series). A channel length of 4 m is assumed as a first
guess, while the height of the channels is adjusted to obtain the
target pressure loss of 2.5%on the feed side of both membranes
and of 5.6% on the permeate side of the CRM. The velocity of
the stream is constrained to a maximum of 10 m/s. If higher
velocities are obtained, a shorter membrane length is assumed
resulting in a lower pressure drop.

2.2.3. Thermal balance modelling

The model also solves the energy balance of the membrane to
assess the heat exchange between the feed and the sweep streams.
Temperature profiles do not actually affect mass transfer evalu-

ated by the model, provided that temperature dependent functions
are not used for permeance. It is however important to solve the
thermal balance to verify that temperature is always above the
water dew point so that water condensation does not occur inside
the channels. Solving the energy balance of the membrane is also
important for calculating the gas outlet temperatures from the
CRM, that affect the power plant heat balance and cooling duty.

Heat transfer between the streams has been evaluated using the
following assumptions:

e Convective heat transfer coefficients for laminar flow along the
channels are evaluated by fixed values of the Nusselt number
derived from (Incropera and De Witt, 2002) according to the
shape factor of the channel, characterized by a rectangular cross
section.

e Conduction across the membrane wall is evaluated assuming a
thermal conductivity of the material of 0.35 W/m-K and a thick-
ness of 5 wm (Huang et al., 2008).

e Axial conductivity along the membrane and heat dispersion to
the outside environment are neglected.

2.3. Economic model

The economic analysis has been performed following CO2CRC
methodology (Ho et al., 2008). The main assumptions for the eco-
nomic analysis and the methodology for the calculation of the
capital cost are shown in Tables 2-4 . The total capital costs are
calculated as shown in Table 4. For the membrane, a cost of 50 US
$/m? has been assumed (Merkel et al., 2010) independent of the
type of membrane considered. For the gas turbine, HRSG and
steam cycle, the EBTF cost functions from (EBTF, 2011) have been
used, corrected to US$2015 using the CEPCI annual index (556.8)
and currency conversion for € /$ based on average 2008 values (€/
$ = 1.47) (DOE/NETL, 2013). For the GT, a 20% additional cost has
been assumed for the plants with selective flue gas recycle to take
into account the costs for potential additional cost of machines



Table 3
Main assumptions for the economic analysis.

Currency US$2015
Discount rate 7% (real)
Project life 25 years
Construction period 2 years
Plant load factor 90%
Price of electricity 58.8 $/MWh
Price of natural gas 7$/GJ
General and maintenance cost 6% Capex/year
Cooling water price 0.025 $/m>
Expected membrane life 3 years
Table 4
Capex calculation methodology.
Name Parameter Value
A Process equipment cost (PEC) Sum of all equipment cost
B General cost 30% PEC
C Total equipment cost (TEC) A+B
D Instrumentation 15% TEC
E Electrical 7% TEC
F Piping 20% TEC
G Total installed cost (TIC) A+B+D+E+F
H Set-up cost 8% TIC
I Engineering 5% TIC
L Owners cost 7% (G+H+I)
M Engineering, procurement, G+H+I+L
construction and owner’s cost
(EPCO)
N Contingency 10% EPCO
0 Total capital cost (CAPEX) M+N
Table 5

Membrane permeance [1 GPU=10-6 cm? (STP)/(cm? s cmpg)] and selectivity.

Membrane Technology Permeance (GPU) Selectivity respect to CO,

Ar H,O N> 0,

Polaris (Merkel et al., 2010) 1000 5 0.3 50 5
DOE (DOE/NETL, 2012a) 3500 35 0.7 35 35
Huang (Huang et al., 2008) 1200 75 1 500 75

operating with CO,-enriched gas. For the other components an
exponential correlation has been adopted (Eq. (4)).

s\ SF
Capex = Cy (—) (4)
So

The assumed price of electricity, needed in the CO2CRC method-
ology to price the effect of different power outputs of the plants
with capture, is 58.8 US$/MWHh. This value corresponds to the cost
of electricity obtained for the reference NGCC without capture with
a fuel price of 7 US$/G].

2.4. Case studies

In this work the application of the three different types of mem-
brane in Table 5 has been considered in order to investigate the
effect of selectivity and permeability on the complete process. The
first membrane has performance corresponding to a Polaris
membrane by Membrane Technology & Research (MTR), which
rep-
respents the state of the art of commercial membranes for CO, gas
separation. The second membrane has performance corresponding
to the targets set by the US Department of Energy (DOE targets)
in their research programme (DOE/NETL, 2012a) and is represen-
tative of a membrane with very high permeability (3.5 times the
Polaris membrane) but relatively low selectivity. This target has
not been reached yet but materials development in polymers of
intrinsic micro porosity (PIMs) (Bushell et al., 2013) and thermally
rearranged polymer (Choi et al., 2010) show promising progress.

The third membrane has been reported in (Huang et al., 2008) and
is a facilitated transport membrane. In this case, CO, interacts with
specific sites in the polymer in the presence of water while the N,
does not. As a consequence, the material has a very high selectivity
but a lower permeability than the DOE target.

Usually, process integration studies are performed consider-ing
only one type of membrane. However, the combination of
membranes with different selectivity and permeability at different
locations within the same plant can be beneficial. In this paper, the
three membranes have been assessed in different combinations for
the CCM and CRM. In particular, Polaris and DOE membranes have
been considered for both the CCM and CRM, while the Huang
mem-brane has been considered as the CCM, in combination with
either DOE or Polaris CRM.

In addition to the baseline case studies, this paper also
undertakes sensitivity analysis by varying the following design
parameters: (i) membranes feed pressure, by varying the flue gas
compressor pressure ratio, (ii) CCM vacuum pressure, (iii) GT pres-
sure ratio. In addition to these technical parameters, a sensitivity
analysis on the price of electricity has also been performed, by
increasing it to 90 US$/MWh, which is equivalent to increasing the
gas price to 12 US$/G]J.

3. Discussion
3.1. Thermodynamic analysis

Tables 6-9 show the main characteristics estimated for the
membrane modules and the mass balances of the key steams in
Fig. 1 with different combinations of membranes.

Tables 6 and 8 provide data for the cases where the DOE and
Polaris membranes are used for both the CCM and CRM respec-
tively. The results show that the material balance is similar for
these two membranes, with differences mainly observed in the
CO, concentration of the feed to each membrane unit, which is
higher for the DOE membrane (28.2% vs. 25.3% at the CCM inlet).
This happens despite the lower selectivity of the DOE membrane
towards nitrogen. Its higher selectivity towards oxygen causes a
lower back diffusion of oxygen from the sweep side to the feed
side in the CRM. In contrast, because of the higher oxygen back
diffusion, in the Polaris membrane case a larger flow rate of air is
needed to provide the oxygen required for the combustion in the
GT (439 kg/s vs. 394 kg/s), causing a larger nitrogen input into the
gas turbine cycle fluid. With both the Polaris and DOE membrane
cases in Tables 6 and 8, further CO, purification before
compression is required due to the relatively low selectivity. In
these baseline conditions investigated, the CO, separated in the
CCM (stream #14) has a purity between 88 and 91%mol. (dry
basis).

In Tables 7 and 9, the DOE and Polaris membranes are used in
the CRM while the Huang-type membrane is used in the CCM. In
these cases, the high selectivity of the Huang-type membrane
produces a high purity CO, (between 96.8 and 98.6%), not
requiring any further CO, purification step to meet the purity
specifications assumed in this paper.

In all the cases, it can be observed that the CRM needs a mem-
brane area one order of magnitude higher than the CCM. This is
mainly due to the much larger CO, flow rate to be separated in the
CRM (between 4.0 and 4.5 kmol/s, depending on the specific case)
with respect to the CCM (0.83-0.86 kmol/s). For a fixed feed and
permeate pressure, the membrane area is strictly linked to the per-
meability. Therefore, when the DOE membrane is used, its surface
area is about 70% smaller than the corresponding Polaris and
Huang membranes.

In Table 10, the energy balance and the main overall perfor-
mance indexes of these four cases are shown in the 3rd to 6th



Table 6

Membrane module characteristics and properties of the significant streams for the use of a DOE membrane as the CCM and CRM.

Membrane module characteristics

CcCM CRM

Membrane DOE DOE
Surface, m? x 103 20.9 372.8
Channel length [m] 0.9 4
Feed channel: height [mm] 1.5 1.1

maximum velocity [m/s] 10.1 4,5

maximum Reynolds number 1386 293

pressure loss, % 2.5 2.5
Permeate channel: height [mm] 13 14

maximum velocity [m/s] 5.2 2.6

maximum Reynolds number 107 320

pressure loss, % 3.8 5.6
Stream properties

T P G w Q Composition (%mol.)
Stream no. °C bar kg/s kg/kmol kmol/s Ar CO, H,0 N, 0,
2 40 1.07 393.9 28.851 13.654 0.92 0.03 1.03 77.28 20.73
3 95 1.01 629.2 31.778 19.800 0.64 22.51 4.67 58.27 13.91
10 107 2.03 615.8 32.248 19.095 0.66 28.16 5.55 60.46 5.17
11 107 1.98 574.9 31.873 18.036 0.70 25.22 4.75 63.89 5.45
12 40 1.93 339.6 28.561 11.89 1.06 0.80 0.61 88.62 8.91
14 107 0.20 43.6 38.189 1.142 0.00 74.59 17.80 7.01 0.60
15 25 110 373 43.520 0.857 0.00 96.82 0.00 2.80 0.38
16 32 2.1 2.68 32.449 0.083 0.00 26.62 0.00 68.95 442
Table 7
Properties of the significant streams for the use of Huang and DOE membranes in the CCM and CRM respectively.
Membrane module characteristics
CcCM CRM

Membrane Huang DOE
Surface, m? x 10° 60.7 387.9
Channel length [m] 4.0 4.0
Feed channel: height [mm)] 2.4 1.1

maximum velocity [m/s] 8.0 2.5

maximum Reynolds number 2065 291

pressure loss, % 2.5 25
Permeate channel: height [mm] 2.1 1.4

maximum velocity [m/s] 52 5.0

maximum Reynolds number 146 317

pressure loss, % 9.5 5.6
Stream properties

T P G Y Q Composition (%mol.)

Stream no. °C bar kg/s kg/kmol kmol/s Ar CO, H,0 N, 0,
2 40 1.07 386.0 28.851 13.378 0.92 0.03 1.03 77.28 20.73
3 95 1.01 628.1 31.771 19.771 0.62 22.64 493 57.89 13.92
10 107 2.03 613.8 32.283 19.012 0.65 28.39 5.55 60.24 5.18
11 107 1.98 574.0 31.874 18.009 0.68 25.36 4.95 63.56 5.45
12 40 1.93 3319 28.567 11.617 1.06 0.82 0.48 89.01 8.63
14 107 0.20 39.7 39.636 1.002 0.00 82.75 16.29 0.61 0.34
15 25 110 36.8 0.00 0.73 0.41

43.844

0.839

0.00 98.86

columns. In the last column a selected case with Huang and DOE
membranes and reduced feed pressure is also reported as a signif-
icant case resulting from the sensitivity analysis presented later in
this paper.

In the first two columns of Table 10, the data for the bench-
mark combined cycle plant without capture and with capture by
post-combustion MEA absorption are also reported. For the bench-
mark plant with CO, capture, heat for MEA regeneration has been
assumed to be 3.95 GJ/t CO,, in agreement with (EBTF, 2011). Heat
is provided by steam at 4 bar partly taken from the LP drum of the
HRSG and partly bled from the steam turbine.

Focusing on the four cases with the same membrane feed pres-
sure, the main difference in the energy balances is associated with
the energy for CO, compression, which is lower when a Huang CCM
is used due to the higher concentration of CO, in the permeate
stream. In all cases, the main efficiency penalty is related to flue
gas compression/expansion. The net electric consumption of flue
gas compression and expansion ranges from about 24.9 MW, (or
3.5% points of LHV efficiency penalty) for the Polaris CRM cases to
26.2-26.4 MW, (or 3.7% points LHV) for the DOE CRM cases. The
second largest energy loss is attributed to CO, compression (sum
of the vacuum pump and the CO, compressors), accounting for an



Table 8

Properties of the significant streams for the use of a Polaris membrane as the CCM and CRM.

Membrane modules characteristics

CcCM CRM
Membrane Polaris Polaris
Surface, m? x 103 73.4 1237
Channel length [m] 4.0 4.0
Feed channel: height [mm)] 24 0.8
maximum velocity [m/s] 7.1 1.2
maximum Reynolds number 1641 65
pressure loss, % 2.5 2.5
Permeate channel: height [mm)] 2.4 0.9
maximum velocity [m/s] 4.6 2.2
maximum Reynolds number 135 99
pressure loss, % 6.8 5.6

Stream properties

T P G " Q Composition (%mol.)
Stream no. °C bar kg/s kg/kmol kmol/s Ar CO, H,0 N, 0,
2 40 1.07 439.1 28.851 15.219 0.92 0.03 1.03 77.28 20.73
3 102 1.01 636.0 31.437 20.230 0.69 20.01 4.06 61.55 13.68
10 108 2.03 625.0 31.790 19.660 0.71 25.28 5.55 63.38 5.09
11 108 1.98 581.0 31.507 18.441 0.76 22.45 4.00 67.48 5.32
12 40 1.93 384.1 28.603 13.430 1.04 0.71 0.54 87.52 10.18
14 108 0.20 475 35.848 1.326 0.00 64.74 26.70 4.88 3.68
15 25 110 37.6 43.452 0.865 0.00 95.95 0.00 1.80 2.25
16 31.9 2.1 3.58 33.39 0.11 0.00 26.81 0.00 45.88 27.31
Table 9
Properties of the significant streams for the use of Huang and Polaris membranes in the CCM and CRM respectively.
Membrane module characteristics
CCM CRM

Membrane Huang Polaris
Surface, m? x 103 70.9 1340
Channel length [m] 4.0 4.0
Feed channel: height [mm] 24 0.7

maximum velocity [m/s] 7.1 1.1

maximum Reynolds number 1714 83

pressure loss, % 2.5 25
Permeate channel: height [mm)] 1.6 0.9

maximum velocity [m/s] 5.8 2.0

maximum Reynolds number 122 92

pressure loss, % 16.5 5.6
Stream properties

T P G w Composition (%mol.)

Stream no. °C bar kg/s kg/kmol kmol/s Ar CO, H,0 N> 0,
2 40 1.07 430 28.851 14.907 0.92 0.03 1.03 77.28 20.73
3 95 1.01 633 31.366 20.175 0.68 20.09 4.90 60.62 13.71
10 108 2.03 619 31.844 19.425 0.71 25.61 5.55 63.00 513
11 108 1.98 578 31.434 18.403 0.75 22.53 4.87 66.46 5.40
12 40 1.93 376 28.607 13.134 1.05 0.73 0.48 87.71 10.04
14 108 0.20 40.1 39.244 1.022 0.00 81.18 17.71 0.73 0.39
15 25 110 36.8 43.812 0.841 0.00 98.64 0.00 0.88 0.48

16 - - - -

efficiency penalty of 2.7% points LHV for the Huang CCM cases and
3.1-3.3% points LHV for the DOE and Polaris CCM cases.

The slightly lower penalty in the Polaris CRM cases compared to
the DOE CRM cases is due to the higher O, back-flow from the sweep
to the feed side already discussed, which enhances the gas flow
rate expanded in the flue gas turbine and hence its power output.
On the whole, electrical efficiencies between 50.7% and 51.2% have
been obtained, with a slight advantage for the cases with Huang
CCM due to the reduced consumption for CO, compression. As far
as CO, emissions are concerned, the size of the CCM is adapted
in each case to achieve a CO, capture ratio of 90% and therefore

specific emissions only depend on the plant efficiency. As a result,
specific emissions reductions of 88.1-88.4% have been obtained.

In Table 10 an additional case is also presented where the mem-
brane feed pressure is reduced from 2.0 bar to 1.5 bar for the
Huang membrane as the CCM and the DOE membrane as the CRM.
In this case, the net flue gas compression power reduces to 17.0
MWe, cor-responding to a reduction in efficiency of 2.4% points.
This results in a higher net electric efficiency of 52.6%, with a
penalty of 5.8%points with respect to the reference NGCC without
capture. The main properties of the plant streams for this case are
reported in Table 11.



Table 10

Power balance for different membrane technologies and comparison with a MEA benchmark.

Reference NGCC w/o capture

Reference NGCC with MEA

CO, membrane cases

CO, capture membrane (CCM)

CO; recycle membrane (CRM)

CCM Feed/Permeate Pressure -
CCM area, m? * 10° -
CRM area, m? * 103 -
Power balance, MW,

DOE Huang Polaris Huang Huang
DOE DOE Polaris Polaris DOE
2/0.2 2/0.2 2/0.2 2/0.2 1.5/0.2
20.9 60.7 73.4 70.9 102.3
372.8 387.9 1236.6 1340.0 690.5

Gas turbine net power 2721 2721 248.7 248.6 250.8 250.5 248.6
Steam turbine gross power 147.1 106.8 168.9 169.0 167.1 167.4 169.0
Steam cycle pumps -1.79 -1.79 -2.14 -2.19 -2.11 -2.11 -2.19
Auxiliaries for condenser heat rejection -1.86 -1.87 -2.09 -2.10 -2.06 -2.09 -2.10
MEA process —2.23
Auxiliaries for flue gas and GT air cooling -0.82 —0.85 -0.75 -0.83 —0.06
Fresh air fan -3.01 -3.76 -2.36 -4.18 -2.16
Flue gas compressor —6.86 —46.16 —45.98 —47.44 —46.89 —25.84
Flue gas expander 19.99 19.56 22.53 22.08 9.14
CO; vacuum pump -6.12 -5.40 —-6.71 —5.47 -5.40
CO, compression -12.01 -16.20 -13.72 -16.78 -13.78 -13.71
Auxiliaries for CO, cooling -0.28 -0.29 -0.34 -0.25 -0.29
Gross Power, MW, 419.2 378.9 417.6 417.6 417.9 417.9 417.6
Net Power, MW, 415.6 3523 360.8 362.9 361.8 364.4 374.2
Heat input, MWy 711.3 711.3 7113 711.3 7113 7113 711.3
Net electric efficiency, %y 58.42 49.53 50.73 51.02 50.87 51.23 52.62
Net efficiency penalty, % nv —-8.89 —7.69 —7.40 —7.55 -7.19 -5.80
Carbon capture ratio, % 91.25 90.10 90.08 90.12 90.07 90.08
Specific emission, kg/MWh 353.7 41.84 41.59 41.81 41.68 40.33
Specific emission reduction, % 88.90 88.17 88.24 88.18 88.21 88.60
SPECCA, MJ; v [kgCO; 3.00 2.86 293 2.77 217
CO; purity, %mol (dry) 99.93 96.82 98.86 95.95 98.64 98.86
Table 11
Properties of the main streams of the power plant using Huang CCM and DOE CRM, with feed and permeate pressures of 1.5 and 0.2 bar respectively.
T P G Q Molar composition (%mol.)
Streams °C bar kg/s kmol/s Ar CO, H,0 N, 0,
1 15.0 1.01 386 13.39 0.92 0.03 1.03 77.28 20.73
2 20.2 1.07 386 13.39 0.92 0.03 1.03 77.28 20.73
3 40.0 1.01 628 19.77 0.62 22.58 4.67 57.94 13.94
4 40.0 1.00 628 19.77 0.62 22.58 4.92 57.94 13.94
5 414.0 18.34 549 17.27 0.62 22.58 4.92 57.94 13.94
6 1442.6 17.79 512 16.54 0.59 26.94 15.11 54.87 2.50
7 664.5 1.01 643 20.66 0.60 26.07 13.07 55.48 4.78
8 71.2 1.01 643 20.66 0.60 26.07 13.07 55.48 4.78
9 35.0 1.01 614 19.01 0.65 28.33 5.55 60.28 5.20
10 75.7 1.52 614 19.01 0.65 28.33 5.55 60.28 5.20
11 75.7 1.48 574 18.01 0.68 25.30 4.95 63.60 5.47
12 40.6 144 332 11.63 1.06 0.82 0.50 88.98 8.64
13 13.6 1.01 332 11.63 1.06 0.82 0.50 88.98 8.64
14 75.7 0.20 40 1.00 0.00 82.75 16.29 0.61 0.34
15 25 110.0 37 0.84 - 98.86 - 0.73 0.41
16 - - - - - - - - -
17 160.0 68.6 15 0.85 Natural Gas (Table 1)
18 559.51 120.9 96 5.33 - - 100 - -
19 337.69 28.0 96 5.33 - - 100 - -
20 560.95 23.0 107 593 - - 100 - -
21 3217 0.048 114 6.35 - - 100 - -

The specific primary energy consumption for CO, avoided
(SPECCA), defined in Eq. (6), can be used to provide a single index
for the energy and environmental performance of plants with
CO; capture. The values of 2.8-3.0 MJ yy/kgcoy obtained for the
cases with 2 bar of membrane feed pressure are better than the
3.5 M]Juv/kgcoz of the benchmark plant based on MEA absorption.
A significant improvement is obtained in the case with 1.5 bar feed
pressure, where a low value of 2.17 MJ gy /kgcoz is achieved.

3600 (1M — Vi)
Eref -E

SPECCA =

3.1.1. Sensitivity analysis

The most important design parameters for the system presented
in this paper are the pressures on the feed side (i.e. the pressure
ratio of the flue gas compressor) and the permeate pressure of
the CO, capture membrane. The effects of these parameters on
plant efficiency and membrane area are discussed in the following.
In Fig. 5, the effect of the CCM permeate pressure is assessed for
cases with 2 bar of feed pressure. The improvement in efficiency of
0.6-0.8% points with an increase in the permeate pressure from 0.2
to 0.6 bar is significant. This improvement is due to the reduction
in the energy consumption of the CO, vacuum pump. On the other
hand, the increase in the permeate pressure leads to a reduction
in the driving force through the CCM and to a consequent increase
in its area. This increase is particularly evident when the permeate
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Fig. 5. Effect of CCM permeate pressure on efficiency and membrane surface area for cases with 2 bar of feed pressure.

pressure is increased from 0.4 to 0.6 bar for cases with the Huang
membrane.

In Fig. 6, the effect of flue gas pressurization on the Huang/DOE
case with 0.2 bar of CCM permeate pressure is shown. The
reduction of the feed pressure to 1.5 bar leads to an increase in
efficiency of 1.4% points. On the other hand, the area of both the
CRM and CCM units increases significantly (+77% the CRM, +67%
the CCM). The increase of the feed pressure to 2.5 bar reduces the
plant efficiency considerably (—1.25% points) but lowers the total
membrane area required by —30% compared to the base case.

In all the cases, the variation of feed and permeate pressures
involves an opposite variation in plant efficiency and membrane
area.

3.2. Economic analysis

In Fig. 7, the breakdown of the equipment costs of the base-
line cases in Table 10 is reported. The main difference between the
membrane cases is associated with the cost of the CO, recycle
mem-brane, which is much higher when the Polaris membrane is
used due to the large surface area required. Of course, this result
depends on the fact that for all types of membranes, the same
specific cost of 50 $/m? has been assumed, independently of their
performance and commercial maturity. In all the cases, the cost of
the CRM is much higher than the cost of the CCM, reflecting the
result obtained for the membranes area. The main contribution to
the investment costs is provided by the power island, which is
more expensive in the CO, capture cases, due to the assumed 20%
increase in the GT capital cost (Capex) as a consequence of the
modifications required with respect to commercial GTs in order to
work with a CO,-enriched working fluid. Another significant
contribution to the capital cost is provided by the flue gas
compressor and expander, whose cost is comparable (higher in the
cases with DOE CRM) to the cost of the membranes. On the whole,
for the cases with 2 bar of membrane feed pressure, total specific
capital costs around 1550-1570 $/kW and 1330-1350 $/kW have
been obtained for the Polaris CRM and the DOE CRM cases
respectively. This corresponds to specific capital costs about 120-
160% higher than the reference NGCC without capture and 10-25%
higher than the benchmark case with CO, capture by MEA. The
reduction of the feed pressure to 1.5 bar leads

to a reduction in the specific capital cost to 1256 $/kW, i.e. about
3% more than the NGCC with MEA capture. This result is due to
both the reduced cost of flue gas compressor and turbine and to
the increased plant efficiency, resulting in higher net power output
for the given plant size. The breakdown of the cost of electricity
(COE) for the different case studies is shown in Fig. 8. In all the
cases, the fuel cost represents the main contribution to the COE.
Due to the high membrane cost, whose effect is magnified by the
cost for membrane replacement, the cases with Polaris CRM also
result in the highest costs of electricity. For the cases with 2 bar of
membrane feed pressure, costs of 85-86 $/MWh and 93-94 §/
MWh (+45-60% and +2-12% higher than the benchmark NGCC
without and with capture) are obtained for Polaris CRM and DOE
CRM cases respectively.

For the case with 1.5 bar of feed pressure, the cost of electricity

reduces to 82.4 $/MWh, slightly less than 83.1 $/MWh of the refer-
ence NGCC with MEA-based capture. With regard to the benchmark
plants, it can be noted that the COE of the reference NGCC differs
by about 1% from the one reported by NETL (DOE/NETL, 2012b)
(58.8 $/MWh vs. 59.6 $/MWh), with the same share between the
capital and fuel costs (22/73%). A slightly higher difference is
obtained for the reference MEA case, for which a COE of 82.4 $/MWh
(with Capex/fuel share of 32/60%) has been obtained in this work,
compared to a COE of 90.4 $/MWh (Capex/fuel share of 30/54%) as
reported by NETL (DOE/NETL, 2012b). This is mainly due to the cost
for CO, transport and storage, which have not been included in this
study and contribute for about 4 $/MWh in the NETL case.
The breakdown of the cost of CO, avoided (CCA) is shown in Fig. 9.
The overall trend reflects that for the COE, since all the cases are
characterized by approximately the same CO, specific emissions.
The lowest CCA, with a value of 75.4 $/t CO,, has been obtained for
the case with Huang CCM and DOE CRM with 1.5 bar of feed
pressure. This value is slightly lower than the CCA of the reference
NGCC with MEA capture (77.3 $/tcoz). For the different
membranes, the results suggest that using the DOE membrane is
preferable for the CRM due to the very high permeability, while the
Huang membrane is preferable as the CCM due to the high CO,/N,
selectivity resulting in the removal of the need for a CO, purification
unit. It should be noted that the CCA obtained in this work for the
reference NGCC is lower than those reported by NETL for the
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NGCC baseline case with CO, capture by MEA, where a cost of CO, 3.2.1. Sensitivity analysis

avoided of 96 $/t CO, is reported (DOE/NETL, 2012b). This The following section provides an evaluation of the sensitiv-
difference of about 20% in the CCA reflects the difference of ACOE ity of the cost of capture to variations in the feed and permeate
between the reference cases with and without capture (20% as pressures, increasing the price of electricity to 90 $/MWh and vary-
well). ing the GT pressure ratio for the Huang CCM/DOE CRM and Polaris
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CCM/Polaris CRM cases. The first combination appears as the most
promising among the membrane technologies considered in this
work. The second one is the closest to possible commercialization,
being based on a commercial membrane type.

In Fig. 10, plant efficiency and CCA are reported, combin-ing
different feed pressures and CCM permeate pressures. The case
with the lowest cost is for the Huang/DOE membrane case with
feed pressure at 1.5 bar and permeate pressure at 0.2 bar. Although
reducing the feed pressure from 2.5 bar to 1.5 bar results in
decreased cost, further reductions in the feed pressure to 1.1 bar
did not lead to further cost savings. At 1.1 bar of feed pressure the
increase in membrane area and cost offset any cost savings from
the reduced cost of the flue gas compressor. For the Huang/DOE
membrane case, despite the improved thermal efficiency from
increasing the permeate pressure from 0.2 bar to 0.4 bar, the CCA
increases for all feed pressures, especially when the feed pressure
is 1.1 bar. This is because the required membrane area at this per-
meate pressure is significantly large, thus the high membrane cost
offsets any cost savings from the smaller vacuum pump.

In Fig. 11, the effect of membrane cost and CCM permeate pres-
sure is shown for the case with membrane feed pressure of 2 bar.
For the Polaris/Polaris case, the effect of permeate pressure on the
CCA does not appear to be significant. This is because for this case,
the large majority of the total membrane area (between 83 and
94%) and thus cost is associated with the CRM, which is unaffected
by CCM permeate pressure. Similarly, in the Huang/DOE case,
increasing the permeate pressures from 0.2 to 0.4 bar causes an
increase of the total membrane area of about 10%, which leads to a
moderate effect on the CCA. Increasing the permeate pressure to
0.6 bar causes an increase of the CCM area of almost four times
with respect to the 0.4 bar pressure case and to an increase of 56%
of the total membrane area. With such an increase of the
membrane area, the impact of membrane cost becomes much
more significant. Reducing the specific cost of the membrane
improves the competitiveness
of the high permeate pressure cases in terms of $/t CO, avoided,
because the relative contribution of the membrane to the total cost
reduces while the relative contribution of the Energy Opex to the
total cost increases.
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Fig. 11. Cost of CO, avoided at different membrane costs for different membranes
and CCM permeate pressures, for membrane feed pressure of 2 bar.

Fig. 12 shows the effect of the specific cost of the membrane
and the effect of the feed pressure for the Huang/DOE case with 0.4
bar of permeate pressure (Fig. 12a) and for the Polaris/Polaris case
with 0.2 bar of permeate pressure (Fig. 12b). Both figures show
that the specific cost of the membrane influences the choice of feed
pres-sure significantly. In general, as the membrane cost
decreases, the feed pressure that results in the lowest capture cost
also decreases. This is because in this region the lower plant
efficiency and the higher cost for flue gas compression and
expansion are compensated by a reduction in the membrane area.
For example, in the Polaris/Polaris case, at low specific membrane
cost (less than about 35 $/m?), the lowest cost of CO, avoided
occurs at the lowest feed pressure considered of 1.5 bar. At
intermediate specific membrane costs, between 35 $/m? and 80 $/
m?2, the system with the lowest CCA is when the feed pressure is 2
bar. Once the specific membrane cost exceeds 80 $/m?, feed
pressures of 2.5 bar result in the lowest CCA. Similarly, for the
Huang/DOE case for specific membrane
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different feed pressures and a reference price of electricity (58.8 $/MWh).

costs below 70 $/m? the lowest feed pressure of 1.5 bar results in
the lowest CCA, while 2 bar of feed pressure is the most competi-
tive case for specific membrane costs above 70 $/mZ. It is therefore
clear that for any value of the specific membrane cost and for any
combination of membranes, an optimal feed pressure exists which
could be found with optimization algorithms.

For the Huang/DOE membrane system, it can be noted that at a
specific membrane cost of around 45 U$/m? with membrane feed
pressure of 1.5 bar, the system is competitive with the bench-mark
MEA capture case. Fig. 12a reports the case with a permeate
pressure of 0.4 bar. Assuming 0.2 bar as permeate pressure would
produce similar trends, with a breakeven specific membrane cost
with respect to the benchmark NGCC with MEA case of about 55 U
$/m? for the feed pressure of 1.5 bar. As shown in Fig. 12b for the
Polaris/Polaris case, a specific membrane cost lower than 10 $/m?2
is needed to make membrane capture competitive.

In Fig. 13, the same analysis is performed by considering an
increased electricity price of 90 $/MWh, corresponding to a sce-
nario with a natural gas price of 12 $/GJ. In general, increasing the
electricity price by 30 $/MWh (i.e. comparing Fig. 13 with Fig. 12)
increases the CCA by approximately 10-15 $/t for both membrane
systems when the feed pressure is 1.5 bar, and about 15 $/t when the
feed pressure is about 2.5 bar. For both membrane systems, the
specific membrane cost at which CCA is comparable to a NGCC with
MEA capture also increases. In particular when the feed pressure is
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Fig. 13. Cost of CO; avoided with variations in the specific membrane cost for
different feed pressures and a price of electricity of 90 € /MWh.

1.5 bar, the breakeven specific membrane cost is about 65 $/m? for
the Huang/DOE membrane case and about 18 $/m? for the Polaris
membrane case.

Finally, the effect of the gas turbine pressure ratio is assessed.
This analysis is important because of the change of the GT working
fluid and its enrichment with CO,, which has a higher molecu-lar
complexity than N, and O,, which leads to a reduction of the
temperature changes associated with compression and expansion
with respect to a conventional GT case. For example, in the cases
previously discussed with a GT pressure ratio of 18, turbine out-let
temperatures (TOT) around 660 °C have been obtained, which
should be compared with 608 °C for the reference NGCC plant. This
is also reflected in the different share of the gross power output
between the gas and the steam turbine, which is 60/40% in the
membrane cases, vs. 65/35% in the reference NGCC (see Table 10).

Therefore, from the thermodynamic point of view, a higher
pressure ratio than in the conventional case would be favourable
for the cycle efficiency. On the other hand, a higher pressure ratio
has a negative impact on the area of the CO, recycle membrane. As
a matter of fact, higher pressure ratio entails higher temperature at
the compressor outlet and therefore at the combustor inlet. As a
consequence, higher inert gas flow rate is needed to keep the tar-
get turbine inlet temperature. Since the inert gas is provided by the
selective recycle performed by the CRM, its area and cost increase
when the GT pressure ratio increases.
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and 0.2 bar (b).

The results of this analysis are shown in Fig. 14. The region of
optimal efficiency is obtained for pressure ratios between 18 and
24.1tis worth noting that with a pressure ratio of 24, the TOT ranges
between 603 and 612 °C depending on the membrane considered,
i.e. values similar to the reference NGCC plant. This range of pres-
sure ratio also represents the optimal range that minimizes the cost
of the CO, avoided under the considered assumptions.

4. Conclusions

This paper presents a techno-economic analysis of NGCC plants
with CO, capture using two CO, membranes, one for CO, capture
and another for selective flue gas recycle. The application of three
types of membranes with different permeabilities and selectivities
has been assessed.

The results show that much higher efficiencies (up to about
3% points) than the benchmark CO, capture by MEA absorption
at a competitive cost of CO, avoided can be achieved with a tar-
get CO, capture rate of 90%. At a membrane cost of 50 US$/m?
such performance can be obtained by combining a high selectiv-

ity and moderate permeability membrane for CO, capture with a
high permeability and moderate selectivity membrane for the CO,
recycle. However, to achieve significant advantages with respect to
benchmark MEA capture, better membrane permeability and
lower costs are needed with respect to the state of the art
membranes. In addition, the need to redesign gas turbine
components due to the CO, enriched working fluid represents a
major challenge for commercial deployment of this technology.

A sensitivity analysis on the main process and economic param-
eters shows that a moderate pressurization of the combined cycle
flue gas before feeding to the membrane system is beneficial. The
optimal feed pressure largely depends on the specific cost of the
membrane because it results in a trade-off between the operating
costs associated with the energy consumption of the gas compres-
sor and the membrane capital cost. The effect of gas turbine cycle
pressure ratio has also been assessed due to changes in the charac-
teristics of the gas turbine working fluid when it is enriched with
CO,. The lowest costs of CO, avoided and highest efficiencies are
obtained with a GT pressure ratio in the range of 18-24.
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