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Abstract

This paper performs a techno-economic analysisabiiral gas-fired combined cycle (NGCC) power plants
integrated with C@selective membranes for post-combustior, €&pture. The configuration assessed is based on a
two-membrane system: a €@apture membrane that separates the ©Ofinal sequestration and a €@ecycle
membrane that selectively recycles C@ the gas turbine compressor inlet in order toréase the CO
concentration in the gas turbine flue gas. Thréferint membrane technologies with different perbilég and
selectivity have been investigated. The mass apedygrbalances are calculated by integrating a pgheert model,

a membrane model and a g£@urification unit model. An economic model is thesed to estimate the cost of
electricity and of C@avoided. A sensitivity analysis on the main prgcparameters and economic assumptions is
also performed. It was found that a combinatioradfigh permeability membrane with moderate seligtas a
recycle membrane and a very high selectivity membraith high permeability used for the capture memb
resulted in the lowest GQvoided cost of 75 US$#, This plant features a feed pressure of 1.5 barsapermeate
pressure of 0.2 bar for the capture membrane. fHsislt suggests that membrane systems can be dowepéir

CQO, capture from NGCC power plants when compared WBA absorption. However, to achieve significant
advantages with respect to benchmark MEA captwattebmembrane permeability and lower costs ardetbwith
respect to the state of the art technology. Intaudi due to the selective recycle, the gas turlmperates with a
working fluid highly enriched with C® This requires redesigning gas turbine componevitiisch may represent a

major challenge for commercial deployment.

Keywords: CQ membranes, combined cycle, carbon capture, CGoeaic analysis
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1 Introduction

Membranes for C@separation are receiving growing attention forligggion in the field of carbon capture and
storage (CCS). Membrane separation is a continpmcess that is attractive compared with absorggchnologies
for CCS because it does not require heat for regéina and therefore does not affect steam turbperations in
the power plant. It can also be applied in energgrisive industries both as post-combustion anec@nebustion
capture. In developing membrane processes forqumabustion carbon capture, the technical challeages due to
the low partial pressure of G@n the flue gas. Research efforts have been méstlysed on materials development
in order to improve the permeability and selecyiviith respect to the state-of-the-art materidlgs well known that
performance of polymeric membranes, the most inyatstd CQ membrane technology, is characterized by an
‘upper bound’ that correlates permeability and ctglgy (Robeson, 2008). In other words, polymemembranes
with high permeability usually have low selectivagd vice-versa, as explained theoretically by ifiege (Freeman,
1999). In addition to membrane materials, resedral been conducted on the integration of the membra
separation process within the power plant.

The application as post-combustion capture systareal fired power plants has received the largésintion
from researchers (Ho et al., 2008; Merkel et @1@® Scholes et al., 2013; Zhao et al., 2010) duthé¢ higher
partial pressure of COn the feed stream that facilitates the membrapaustion. Different configurations with two
or more membrane modules in series or paralletiiese high C@capture rate and high purity with the lowest cost
have been examined.

Integration of C@ membranes in natural gas combined cycles (NGCCs)are challenging, due to the much
lower CQ content in the flue gases with respect to coahtplaNevertheless, some studies have focused ag usi
membranes for carbon capture in natural gas polaetgp(Gonzalez-Salazar, 2015; Swisher and Bho@h4R In
order to increase the G@artial pressure in the membrane feed, Merkel. éMgerkel et al., 2013) proposed a novel
configuration with two membranes in series, wheme smnembrane is used for a selective,@€rycle to the gas
turbine (GT) compressor inlet, significantly incsegsy the CQ content in the flue gas and facilitating the LO
separation in the other membrane.

The aim of this paper is to assess the thermodyng@®iformance and economics of the integration ©f C
membranes in NGCCs according to such a processdgooation, performing sensitivity analyses on thaim

process variables and economic assumptions.

2 Methodology
2.1 Power plant model

The power plant integrated with @@eparation membranes assessed in this work folloevsoncept proposed
in (Merkel et al., 2013) and is shown in FigureThe system is based on two membranes operatingriesson the
flue gas exiting the heat recovery steam genef@&SG). The first one is the G@apture membrane (CCM),
which is a 3-port module (i.e. with no sweep gastloe permeate side), using a vacuum pump to kespba
atmospheric pressure on the permeate stream im trdemit the membrane surface. The £&eparated by this
membrane (stream #14) is then treated and madg feattansport and storage after being taken ldr (#15) in
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an intercooled compression train. To meet the statsdon C® purity for pipeline transport and storage, if the
overall concentration of non-condensable gaselsdrséparated GOlow exceeds the assumed specifications of 4%
(de Visser et al., 2008), a self-refrigerated twage phase-change g@urification unit (CPU) is adopted. The vent
gas from the flash units (#16), which contains maftthe non-condensable gases but also has a isantif
concentration of Cg) is recycled to the CCM inlet so as to reduce@@® lost in the purification process. In the
CCM, itis assumed that about 90% of the.@@nerated by NG combustion is separated.

The second membrane is the £@cycle membrane (CRM). It is a 4-port membrant#hvai counter-current
arrangement where the retentate of the CCM represka feed stream (#11) while fresh air (#2) isduas sweep
gas on the permeate side before entering the Gpremsor. The idea of adopting a selective; @aycle through
this CRM is to substitute the large air excess adeid a GT to control the maximum cycle temperatwitn
recirculated C@ In this way, dilution of C@in the flue gas with nitrogen and oxygen is reduwadth beneficial
effects on the CPpartial pressure in the CCM. In the CRM, the floate of the separated @& determined to
obtain the target Turbine Inlet Temperature (TITYL860°C in the gas turbine engine. The flow ratdresh air,
used as sweep gas in the CRM, is adjusted to obta® concentration of 2.5%vol. at the combustor oy#€), to
guarantee a complete combustion.

A flue gas compressor is used to increase the ymesd the feed gas to the two membranes and isertee
driving force for separation. In the base casegedl fpressure of 2 bar has been assumed. A tusbihen used to
recover the pressure energy from the retentateco€RM (#12).

The pressure drop in the two membrane stages isnassequal to 2.5% of the feed inlet pressures hence
assumed that the geometry of the membranes isextiapeach case to achieve the target pressure asajiscussed
in the following sections. Nearly atmospheric pugeds always kept on the permeate side of the C/RFn is used
on the fresh air stream to balance the ~7% totakqure drop assumed in the filter, the membranetiaad
downstream gas cooler. A gas cooler is used totbegbermeate stream of the CRM (#3) to the GT cesgor inlet
temperature of 30°C (#4). Such cooling is needed wuthe heat transfer in the CRM and the relativegh
temperature of the gas permeating through the memebras a result of the higher temperature of déled ttream
(#11) after flue gas compression.

The gas turbine is calculated considering a presgtio of 18.1 and a TIT of 1360°C, in line witietstate of
the art of large scale heavy duty GTs (EBTF, 201tImust be highlighted that it is unlikely thatmmercial GTs
can be adapted for operating under the conditimposed on this plant, because the increase indd@centration
of the GT working fluid (25-30% vol. at the compses inlet) leads to modified properties of the wogkfluid,
affecting the fluid-dynamics of the turbomachinespecially critical in the compressor) and the leaisfer in the
turbine cooled blades. Therefore, the geometryafroercial GT compressor and turbine will need todukesigned
for this application. The combustor will also regua substantial redesign to achieve complete cetitsuof the
fuel with an oxidant stream with a relatively low ntent. As a term of comparison, a minimumcOncentration
of 17.8% at the inlet of a GE gas turbine combustas found to be acceptable for a stable and effid@ombustion
(EIKady et al., 2009; Evulet et al., 2009), to lbenpared with about 14% of the base case of thdystu
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Figure 1 Process configuration of the NGCC poweamnplith CQ membranes assessed in this work.

In this work, the gas turbine is calculated with thodel presented in (Chiesa and Macchi, 2004¢phgidering
a machine design tailored for this application, With the same technological level of today's gasbihes, i.e.
keeping the current cooling performance of the harark GT cycle with no gas recycle. The gas turbirazlel
reliably predicts the performance of the cooledaggion, by calculating the coolant flow rate and stage
efficiency as a function of the thermodynamic arash$port properties of the gas that flows in themse. The heat
recovery steam cycle is based on a conventionaethpressure level HRSG with reheat (130/28/4 bar,
565/565/300°C).

All the main assumptions for the power cycle amorted in Table 1. A constant fuel input of 711 MWAN is
assumed in all the cases, as estimated for thehbeark NGCC without capture. Mass and energy bakmce
solved with the in-house code GS (GECOS, 2016)ldped at the Department of Energy of Politecnichlitano,
except CQ compression, purification and membrane separaf@mmwhich Aspen Plus V8.4® and Aspen Custom

Modeler (“Aspen Technolgy, Inc.,” 2013) have besedi



Table 1 Main assumptions used for simulations.

NATURAL GAS
Molar composition, %

CH;, CoHe, CsHs, CaH1o0, COp, N2 89,7,1,0.1,2,09
Lower Heating Value, MJ/kg 46.48
Higher Heatin¢Value, MJ/kc 514t
COz emissiorfactor, codMJILnv 56.9¢

GAS TURBINE
Compressor pressure re 18.1*
TIT (total temperature at first rotor inlet), °C 1360
Compressor polytropic efficiency, % 925
Turbine cooled stage isentropic efficiency, % 92.1**
Turbine uncooled stage isentropic efficiency, % 93.1**
Air pressure loss in the combustor, % 3
Temperature of fuel to combustor, 16C
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 poikT in SH/RH, °C 25
Pinch poinAT in HRSG, °C 10
Liquid subcoolingAT at drum inle, °C 5
Heat losses, % of heat transferred 0.7
Gas side pressure loss in HRSG, kPa 3
HP SH pressure loss, % 7
HP/IF pumpshydraulicefficiency, % 85/7¢
HP/IP/LP turbine isentropic efficiency, % 92/94/88
Turbine shaft mechanical efficiency, % 99.6
Generator electrical efficien, % 98.t
Condensing pressure, | 0.04¢
FLUE GAS COMPRESSOR AND EXPANDER
Compressorressure rati 2*
Compressor polytropic efficiency, 8t
Expander polytropic efficiency, % 920
Mechanial/electrical efficiency, % 93
CO2 PURIFICATION AND COMPRESSIOT
Low temperature flash temperature, °C -56
High temperature flash temperature, °C -42
Pressure at LT flash inlet, I 32.¢
MinimumAT 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 loss, % 2
Liquid CQ temperature at pump inlet, °C 25
Liquid CQ pressure at pump inlet, bar 98
CC2 VACUUM PUMP
Gas pressure at vacuum pump inlet, bar 0.2*
Number of inter-cooled stages 3
Isentropic efficienc, % 8t
Mechanicé/electrical efficiency, % 92.2
Inter-coolers outlet temperature, °C 28

* Base case values. Variables subject to sensitangalysis.
** Values for large turbine stages. The actualaéffiicy of each stage is corrected by taking sdééetento account (Chiesa
and Macchi, 2004).



2.2 Membrane model

The first step in evaluating the membrane arealit@godefining the module dimensions and geometne ©f
the most relevant aspects is the surface arealtoneoratio (s/v), which affects both the thermad ahe fluid-
dynamic problems. In general, a low value of s/iregponds to lower pressure drop and a bigger neddula given
separation efficiency. Commercial modules of polsimenembranes are usually spiral wound or holldvefi The
first have a moderate s/v with relatively low pragsdrop. Hollow fibers have a very large s/v ahd pressure
drops in the fiber lumen can be significant. Morewhe shell side needs to be carefully designeavbid flow
maldistribution. In this paper, reference is magddhte spiral wound arrangement adopted in membnaogules
considered in the DOE funded project n. FEOOOSTSBE/NETL, 2010).

In the spiral-wound configuration, the module cstsiof some membrane sheets wound around a central
collection/distribution pipe. Spacers interposedagithe membrane sheets form the channels that il streams
flowing on the feed and permeate side. This arnarege is suitable for use in both 3-port and 4-poodules. The
cross section of a 4-port module is shown in Figur&he feed streams flows axially through the nedue. in a
direction perpendicular to the cross section). Slweep stream is distributed by the central pipesflnvs through
the spiral-shaped channels towards the periphetthefmodule where it is collected in an outlet rf@Edi Even
though this assembling approach produces a cross-gonfiguration on the single module, a countarent
membrane can be obtained by placing more modulssrias as shown in Figure 3. In the presencesofezp gas, a
counter-current configuration allows the requirednmrane area to be decreased thanks to its fadeupaltial
pressure profile. The CRM of plant in Figure lisaaged in this way.

The CCM membrane has instead a 3-port configurajieen that sweep gas is avoided to prevent theioli of
the separated COIn the 3-port configuration, the feed stream #oexactly the same way as in the 4-port. The
permeate gas flows inward and is collected in theeii pipe. Without a sweep gas, a 0.2 bar perngatsure is

kept in order to reduce the membrane area anccpagpression of the gas is required.
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permeate spacer
outer cover
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Figure 2 Cross section of the 4-port spiral wounadule considered in the paper. In this sketch, foembranes sheets are
wound around the central distribution pipe.

feed stream inlet spiral-wound membrane retentate stream outlet

\ & \ \ \

\ | \ | I
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Figure 3 String of 4-port modules connected ineein counter-current configuration.

The model used in this study to evaluate the mengbzerformance, simulates the spiral wound modules
connected in series as a planar counter-currenthrema. The membrane is then discretized along k& a
coordinate according to the schematic shown in reigdi and a finite difference method implementedAgpen

Custom Modeler® is applied to solve the conservatimat and mass transfer equations.
2.2.1 Modelling mass conservation and mass transfer.

Permeation through the polymeric membrane is desdrihrough Eqg. 1 that is derived from the solution
diffusion model. In this representation, the figx (flow rate per unit of time per unit of membrarrea of the gas
species i is proportional to the difference in @apressurep - x; ;) at the gas-membrane interface on the two

sides of the membrane through the permeékge



Ji=Ki- (pfeed " Xifeed,int — Pperm "’ xi,perm,int) Eq.1

Permeance is evaluated from literature data, asguthat the support and inter-diffusive layer do pase any
additional resistance to permeation.

By neglecting the axial diffusion effects, the stgatate mass conservation equation is then writieboth the
feed and the permeate side for the k-th cell altregaxial coordinate and for each i-th speciesuihetl in the
streams.

j = (A% = a) Eq. 2

The previous equations 1-2 are linked by Eq.3:
jE = I S =3

Fick's law of diffusion is used to relate the camtcation gradient from the bulk phase (used tordefimolar
flow rates in eq.2) to the interface (considereédnl). The binary diffusion coefficients are exdéd by the Aspen

routines for thermo-physical properties.

As(k)
Feed . (9 i . (k1) Retentate
- N feed Ni feed -

Permeate s (K) * (k+1) Sweep
< r]i,perm r]i,perm <

Figure 4 Axial discretization of the membrane medul

2.2.2  Fluid-dynamics modelling

One of the most important aspects in the simulatioa membrane module is the pressure loss. lfitérature
(Pfaff and Kather, 2009; van Hassel, 2004), presduop along the membrane is often neglected amasd to be a
fixed value. However, calculation of pressure lizsessential for a proper evaluation of the efficieof the power
plant in which the membrane is integrated (Brinkma al., 2015). The pressure profile is also @ufor the
permeation driving force and has a strong effectttom CQ flux across the membrane, influencing its area.
Neglecting the pressure drop entails an overestmaitf the membrane separation efficiency if thesgure of the
feed and the permeate streamsedjin and Rerm,ou) is fixed. The model accounts for the pressuredssiue to the
flow inside the channels, evaluated by the clatsioarelations that are valid for laminar flow. Gohutions to
pressure loss due to inlet and outlet headersrdactonnections between modules are neglected. Howeressure
drops depend on the geometry of the membrane. &¥aduthe actual geometry of the modules and thedrall

number is beyond the scope of this paper. Presssses are therefore evaluated by assigning thealblength of
9



the membrane channels (i.e. considering all theutesdin series). A channel length of 4 m is assuaeea first
guess, while the height of the channels is adjustabtain the target pressure loss of 2.5% orfebd side of both
membranes and of 5.6% on the permeate side of &M. The velocity of the stream is constrained tmaximum

of 10 m/s. If higher velocities are obtained, arsfronembrane length is assumed resulting in al@nessure drop.
2.2.3 Thermal balance modelling

The model also solves the energy balance of thebrame to assess the heat exchange between tharfédde
sweep streams. Temperature profiles do not actadfgct mass transfer evaluated by the model, gemlithat
temperature dependent functions are not used fongance. It is however important to solve the ttadpalance to
verify that temperature is always above the wataw goint so that water condensation does not oicwide the
channels. Solving the energy balance of the menebisaalso important for calculating the gas oubehperatures
from the CRM, that affect the power plant heat ba¢éaand cooling duty.

Heat transfer between the streams has been evdlusitey the following assumptions:

« Convective heat transfer coefficients for lamidanfalong the channels are evaluated by fixed \wbi¢he
Nusselt number derived from (Incropera and De VZ@)2) according to the shape factor of the channel
characterized by a rectangular cross section.

e Conduction across the membrane wall is evaluategnaisg a thermal conductivity of the material of
0.35 W/m-K and a thickness ofin (Huang et al., 2008).

¢ Axial conductivity along the membrane and heat elisipn to the outside environment are neglected.

2.3 Economic model

The economic analysis has been performed followd@2CRC methodology (Ho et al.,, 2008). The main
assumptions for the economic analysis and the rdetbgy for the calculation of the capital cost ahewn in Table
2 and Table 4. The total capital costs are caledlas shown in Table 4. For the membrane, a cdsd &fS$/m has
been assumed (Merkel et al., 2010) independetteotyfppe of membrane considered. For the gas tyrbiR&G and
steam cycle, the EBTF cost functions from (EBTFLP0Ohave been used, corrected to US$2015 usin@HRCI
annual index (556.8) and currency conversion fériglsed on average 2008 values (€/$=1.47) (E@@E(NETL,
2013). For the GT, a 20% additional cost has besaraed for the plants with selective flue gas recie take into
account the costs for potential additional costnudichines operating with Genriched gas. For the other
components an exponential correlation has beentedlop

CEPCI (2015) Sy\F Eq. 4
Capex = ——————= ( )

CEPCI (2008) °\s,

10



The assumed price of electricity, needed in the CR2 methodology to price the effect of differentweo
outputs of the plants with capture, is 58.8 US$/MVVhis value corresponds to the cost of electrioltyained for
the reference NGCC without capture with a fuel @o¢ 7 US$/GJ.

Table 2 Equipment cost assumptions and refereacdhd plant components.

Reference Bare

Erected Cost  Reference  Scale

Size, 9 factor (sf)

Scaling

Plant Component Parameter (sp)

Co (M$2015)
Power section
Gas turbine, generator and auxiliaries
(EBTF, 2011 GT Net Power, MW 70.3 272 0.67
HRSG, ducting and sta (EBTF, 2011 U*A, MW/K 46.4 129 067
Steam turbine, generator and auxiliaries
(EBTF, 2011 ST Gross Power, MW 48.0 200 0.67
ggﬂ')ng water system and BOP (EBTFCondenser cooling duty, MW 70.6 470 0.67
Gas conditioning and COz separation section
Air Blower (Allinson et al., 200¢€ Flow, n3/s 0.54 16C 1
leuezogoag) Compressor/Expander (Allinson et Power, MW 431 1 0.79
Vacuum pump (Allinson et al., 2006) Inlet flow3is 1.04 70 1
CC2 compressc (Allinson et al., 200¢ Power, MW 474 1 0.7¢
Membrane Housing (Allinson et al., 2006) 6169 0.25 0.002 0.7
Membran 1C8 n? 50 1 1
MEA (EBTF, 2011) kg/s C&captured 124 50.8 0.8
Table 3 Main assumptions for the economic analysis Table 4 Capex calculation methodology
Currenc US$205 Name Paramete Value
Discount rate 7 % (real) A Process equipment cost (PEC) Sum of all
Project life 25 years equipment cost
Construction peric 2 years B General cot 30% PEC(
Plant load factc 90% C Total equipment cost (TEC) A+B
Price of electricity 58.8 $/MWh D Instrumentation 15% TEC
Price of natural gas 7 $/GJ E Electrica 7% TEC
General and maintenance ¢ 6% Capelyeal F Pipinc 20% TEC
Cooling water price 0.025 $fn G Total installed cost (TIC) A+B+D+E+F
Expected membrane life 3 years H Set-up cost 8% TIC
| Engineerin 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
(©) Total capital cost (CAPE> M+N

2.4  Case studies

In this work the application of the three differéypes of membrane in Table 5 has been consideredder to
investigate the effect of selectivity and permegbihn the complete process. The first membranepesformance
corresponding to a Polaris membrane by Membranérnidogy & Research (MTR), which represents theestdit
the art of commercial membranes for £g§as separation. The second membrane has perfoencanesponding to
the targets set by the US Department of Energy (Dgdgets) in their research programme (DOE/NETL,22) and
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is representative of a membrane with very high geatoility (3.5 times the Polaris membrane) but reddy low
selectivity. This target has not been reached yétnmaterials development in polymers of intrinsicm porosity
(PIMs) (Bushell et al., 2013) and thermally reageah polymer (Choi et al., 2010) show promising pesg. The
third membrane has been reported in (Huang e2@D8) and is a facilitated transport membranehis tase, C®
interacts with specific sites in the polymer in fivesence of water while the; ldoes not. As a consequence, the

material has a very high selectivity but a lowempeability than the DOE target.

Table 5 Membrane permeance [1 GPU =86n? (STP)/(cri s cnig)] and selectivity.

Membrane Technology Permeance (GPU)  Selectivity respect tooCO
Ar  H20 N O

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

Usually, process integration studies are perforroedsidering only one type of membrane. However, the
combination of membranes with different selectityd permeability at different locations within theane plant can
be beneficial. In this paper, the three membraree® been assessed in different combinations folC®® and
CRM. In particular, Polaris and DOE membranes hiaeen considered for both the CCM and CRM, while the
Huang membrane has been considered as the CCMmbication with either DOE or Polaris CRM.

In addition to the baseline case studies, this pals® undertakes sensitivity analysis by varying following
design parameters: (i) membranes feed pressurariing the flue gas compressor pressure ratloC@IM vacuum
pressure, (i) GT pressure ratio. In addition bege technical parameters, a sensitivity analysishe price of
electricity has also been performed, by increagitg 90 US$/MWh, which is equivalent to increasthg gas price
to 12 US$/GJ.

3 Discussion
3.1  Thermodynamic analysis

Table 6 to Table 9 show the main characteristiisnased for the membrane modules and the mass dedaof
the key steams in Figure 1 with different combioasi of membranes.

Table 6 and Table 8 provide data for the cases evttex DOE and Polaris membranes are used for beth t
CCM and CRM respectively. The results show thatrtaterial balance is similar for these two membsaméth
differences mainly observed in the £€€bncentration of the feed to each membrane utiichvis higher for the
DOE membrane (28.2% vs. 25.3% at the CCM inlet)is Thappens despite the lower selectivity of the DOE
membrane towards nitrogen. Its higher selectivatydrds oxygen causes a lower back diffusion of eryfjom the
sweep side to the feed side in the CRM. In conttestause of the higher oxygen back diffusion,hi@ Polaris
membrane case a larger flow rate of air is needegravide the oxygen required for the combustiorthe GT
(439 kg/s vs. 394 kg/s), causing a larger nitroggrut into the gas turbine cycle fluid. With bothet Polaris and

DOE membrane cases in Table 6 and Table 8, fu@rpurification before compression is required dudhi®
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relatively low selectivity. In these baseline cdiudis investigated, the G@eparated in the CCM (stream #14) has a
purity between 88 and 91%mol. (dry basis).

In Table 7 and Table 9, the DOE and Polaris mendsame used in the CRM while the Huang-type mengbran
is used in the CCM. In these cases, the high $élgcof the Huang-type membrane produces a higtitp O,
(between 96.8 and 98.6%), not requiring any furtb@s purification step to meet the purity specificaBassumed
in this paper.

In all the cases, it can be observed that the CR&tls a membrane area one order of magnitude higdrethe
CCM. This is mainly due to the much larger £f@w rate to be separated in the CRM (betweerasidd 4.5 kmol/s,
depending on the specific case) with respect taQ@i# (0.83-0.86 kmol/s). For a fixed feed and peatagressure,
the membrane area is strictly linked to the perrligabT herefore, when the DOE membrane is usedsitrface area

is about 70% smaller than the corresponding PademisHuang membranes.
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Table 6 Membrane module characteristics and praeeitf the significant streams for the use of a Dfi#nbrane as the CCM

and CRM.
Membran: modul¢ characteristic
CCM CRM
Membrane DOE DOE
Surface, rix 16 20.9 372.8
Channel length [m] 0.9 4
Feed channel: height [mm] 15 11
maximum velocity [m/s] 10.1 4,5
maximum Reynolds number 1386 293
pressure loss, % 2.5 25
Permeate channel: height [mm] 1.3 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 (0. °C bat kgls kg/kmol kmol/s Ar CQ H20 N2 Oz
2 40 107 3939 28.851 13.654 092 0.03 103 7728 20.73
3 95 101 629.2 31.77¢ 19.80C 0.64 2251 467 5827 1391
10 107 203 6158 32.24¢ 19.09¢ 0.6€ 28.1€ 555 60.4€ 517
11 107 198 5749 31.87¢ 18.03¢€ 0.7C 2522 475 63.8¢ 545
12 40 193 3396 28561 11.8¢ 1.0€ 0.80C 061 8862 891
14 107 0.2C 436 38.18¢ 114z 0.0C 7459 178 7.01 0.6C
15 25 11C 37.3 4352( 0.857 0.0C 96.82 0.0C 2.8C 038
16 32 21 2.68 32.44¢ 0.08: 0.0C 26.62 0.00 68.95 442

Table 7 Properties of the significant streams far tise of Huang and DOE membranes in the CCM ari @Rpectively.

Membrane module characteristics

CCM CRM
Membrane Huang DOE
Surface, rix 16 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 25
maximum Reynolds number 2065 291
pressure loss, % 25 25
Permeate channel: height [mm] 2.1 14
maximum velocity [m/s] 5.2 5.0
maximum Reynolds number 146 317
pressure loss, % 9.5 5.6
Stream properties
T P G W Q Composition (%mol.)
Stream . °C bai kgls kg/kmol kmol/s Ar CC H20 N2 O2
2 40 107 386.0 28.851 13.37¢ 092 0.03 1.03 7728 20.73
3 95 101 628.1 31.771 19.771 062 2264 493 57.8¢ 13.92
10 107 2.03 613.8 32.28¢ 1901z 0.6& 28.39 555 60.24 5.18
11 107 198 574.0 31.874 18.00¢ 0.68 25.36 495 63.5€ 545
12 40 193 3319 28567 11617 1.0€ 0.82 048 89.01 8.63
14 107 020 397 39.63€ 1.00z 0.0C 82.75 16.2 061 034
15 25 11C 368 43.844 0.83¢ 0.0C 98.86 0.00 0.73 041
16 - - - - - - - - - -
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Table 8 Properties of the significant streams far tise of a Polaris membrane as the CCM and CRM.

Membrane modules characteristics

CCM CRM
Membrane Polaris Polaris
Surface, rix 16 73.4 1237
Channel length [m] 4.0 4.0
Feed channel: height [mm] 2.4 0.8
maximum velocity [m/s] 7.1 1.2
maximum Reynolds number 1641 65
pressure loss, % 25 2.5
Permeate channel: height [mm] 2.4 0.9
maximum velocity [m/s] 4.6 2.2
maximum Reynolds number 135 929
pressure loss, % 6.8 5.6
Stream properties
T P G w Q Composition (%omol.)
Stream 0. °C bai kg/s kg/kmol kmol/s Ar CC H20 N2 O2
2 4C 1.07 439.1 28.851 15.21¢ 092 0.03 1.03 7728 20.73
3 102 101 636.0 31437 20.23C 0.69 2001 4.0€ 6155 13.68
1C 10€ 2.03 625.0 31.79C 19.66C 071 2528 55% 63.38 5.09
11 10€ 1.98 581.0 31507 18441 0.76 2245 40C 67.48 532
12 4C 1.93 384.1 28.602 13.43C 1.04 071 054 8752 10.18
14 10€ 0.20 475 35.84¢ 1.32€ 0.00 6474 267 488 368
15 25 11C 376 43452 0.86% 0.00 9595 0.0C 1.80 225
1€ 319 21 358 33.39 0.11 0.00 2681 0.0C 45.88 2731

Table 9 Properties of the significant streams f@ tise of Huang and Polaris membranes in the CCHMGRM respectively.

Membrane module characteristics

CCM CRM
Membrane Huang Polaris
Surface, mx 16 70.9 1340
Channel length [m] 4.0 4.0
Feed channel: height [mm] 2.4 0.7
maximum velocity [m/s] 7.1 1.1
maximum Reynolds number 1714 83
pressure loss, % 25 2.5
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 Q Composition (%omol.)
Stream 0. °C bai kg/s kg/kmol kmol/s Ar CCo, H20 N2 Oz
2 40 1.07 43C 28.851 14.907 092 0.03 103 7728 20.73
3 95 101 63: 31.36€ 20.17& 0.68 20.0¢ 490 60.62 13.71
10 10€ 2.03 61¢ 31.844 1942t 071 2561 555 63.00 513
11 10€ 198 57¢ 31434 18.402 0.7& 2253 487 66.46 5.40
12 40 193 37€ 28.607 13.134 10t 0.73 048 87.71 10.04
14 10€ 0.2C 401 39.244 102z 0.0C 81.18 17.7 073 0.39
15 25 11C 36.8 43812 0.841 0.0C 98.64 0.0C 0.88 048
16 - - - - - - - - - -
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In Table 10, the energy balance and the main dveealormance indexes of these four cases are slowre
39 to 6" columns. In the last column a selected case witand and DOE membranes and reduced feed pressure is
also reported as a significant case resulting fiteersensitivity analysis presented later in thisgra

In the first two columns of Table 10, the datatfoe benchmark combined cycle plant without capéume with
capture by post-combustion MEA absorption are edgorted. For the benchmark plant with £&pture, heat for
MEA regeneration has been assumed to be 3.95 @O@nin agreement with (EBTF, 2011). Heat is provided
steam at 4 bar partly taken from the LP drum ofHRSG and partly bled from the steam turbine.

Focusing on the four cases with the same membemtegdressure, the main difference in the energgnbak is
associated with the energy for €@ompression, which is lower when a Huang CCM isdudue to the higher
concentration of C®in the permeate stream. In all cases, the maiiciexity penalty is related to flue gas
compression/expansion. The net electric consumptiofiue gas compression and expansion ranges &bout
24.9 MW, (or 3.5 percentage points of LHV efficiency pepgfor the Polaris CRM cases to 26.2-26.4 Mr 3.7
percentage points LHV) for the DOE CRM cases. Téwosd largest energy loss is attributed to, C@mpression
(sum of the vacuum pump and the £8@mpressors), accounting for an efficiency penaftf.7 percentage points
LHV for the Huang CCM cases and 3.1-3.3 percenpajets LHV for the DOE and Polaris CCM cases.
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Table 10 Power balance for different membrane tetdgies and comparison with a MEA benchmark.

Referenc| Referenc
e NGCC| e NGCC
w/o with

capture MEA

COz2 membrane cases

COz capture membrane (CCM) DOE Huang | Polaris | Huang Huang
CQz recycle membrane (CRM) DOE DOE Polaris | Polaris DOE
CCM Feed/Permeate Pressure - - 2/0.2 2/0.2 2/0.2 2/0.2 1.5/0.2
CCM area, ri* 10° - - 20.9 60.7 73.4 70.9 102.3
CRM area, ri* 10° - - 372.8 387.9 1236.6  1340.0 690.5
Power balance, MW/

Gas turbine net power 272.1 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

o -1.86 -1.87 -2.09 -2.10 -2.06 -2.09 -2.10
rejection

MEA process -2.23

Auxiliaries for flue gas and GT
-0.82 -0.85 -0.75 -0.83 -0.06

air cooling
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
CQ vacuum pump -6.12 -5.40 -6.71 -5.47 -5.40
CQx compression -12.01 -16.20 -13.7. -16.78 -13.78 -13.71
Auxiliaries for CQ 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 415.6 352.3 360.8 362.9 361.8 364.4 374.2
Heat input, MWhv 711.3 711.3 711.3 711.3 711.3 711.3 711.3
Net electric efficiency, %Lnv 58.42 49.53 50.73 51.02 50.87 51.23 52.62
Net efficiency penalty, %iv -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 39.3 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, MJLnv/kgCO2 352 3.00 2.86 293 2.77 217
CO: purity, %mol (dry) 99.93 96.82 98.86 95.95 98.64 98.86

The slightly lower penalty in the Polaris CRM casesnpared to the DOE CRM cases is due to the higher
back-flow from the sweep to the feed side alreadgubsed, which enhances the gas flow rate expandée flue

17



gas turbine and hence its power output. On the eyralectrical efficiencies between 50.7% and 51t2¥e been
obtained, with a slight advantage for the case$ witang CCM due to the reduced consumption for, CO
compression. As far as G@missions are concerned, the size of the CCMagptad in each case to achieve axCO
capture ratio of 90% and therefore specific emissionly depend on the plant efficiency. As a resspiecific
emissions reductions of 88.1-88.4% have been addain

In Table 10 an additional case is also presentestevthne membrane feed pressure is reduced frole2.@ 1.5
bar for the Huang membrane as the CCM and the D@mbrane as the CRM. In this case, the net flue gas
compression power reduces to 17.0 M\brresponding to a reduction in efficiency of pgrcentage points. This
results in a higher net electric efficiency of 3&.,6with a penalty of 5.8 percentage points withpess$ to the

reference NGCC without capture. The main propedfdabe plant streams for this case are reportdcabiie 11.

Table 11 Properties of the main streams of the p@hant using Huang CCM and DOE CRM, with feed pedneate pressures
of 1.5 and 0.2 bar respectively.

T P G Q Molar composition (%mol

Stream °C bar  kg/s kmol/s| Ar CQO2 H20 N> O2
1 15.0 101 38¢ 13.3¢]|092 003 103 7728 20.73
2 20.2 107 38 1339 092 003 1.03 77.28 20.73
3 40.0 101 628 19.7] 062 2258 467 5794 1394
4 40.0 100 628 19.7] 062 2258 492 57.94 13.94
5 4140 1834 549 17.2] 062 2258 492 5794 1394
6 14426 17.79 512 1654 059 26.94 1511 5487 025
7 6645 1.01 643 20.6¢4 0.60 26.07 13.07 55.48 4.78
8 71.2 101 643 20.64 0.60 26.07 13.07 55.48 4.78
9 35.0 101 614 19.01 065 2833 555 60.28 5.20
10 75.7 152 614 19.01] 065 2833 555 60.28 5.20
11 75.7 148 574 18.0] 0.68 2530 495 63.60 5.47
12 40.6 144 332 1163 106 082 050 8898 8.64
13 13.6 101 332 1163 106 082 050 8898 8.64
14 75.7 0.20 40 100, 0.00 8275 16.29 061 0.34
15 25 110.0 37 0.84 - 98.86 - 0.73 041
16 - - - - - - - - -
17 160.0 68.6 15 0.85 Natural Gas (Table 1)
18 559.51 120.9 96 5.33 - - 100 - -
19 337.69 280 96 5.33 - - 100 - -
20 560.95 23.0 107 5.93 - - 100 - -
21 32.17 0.048 114 6.35 - - 100 - -

The specific primary energy consumption for &®oided (SPECCA), defined in Eqg. 5, can be useatduide a
single index for the energy and environmental pemtoce of plants with COcapture. The values of 2.8-
3.0 Mdnv/kgeo2 obtained for the cases with 2 bar of membrane peedsure are better than the 3.5 Mikgco2 of
the benchmark plant based on MEA absorption. Aifiggmt improvement is obtained in the case with lar feed

pressure, where a low value of 2.17 Mdkgco2 is achieved.
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3600 - (1/n = Yn.op) Eq.5
Eref —E

SPECCA =

3.1.1 Sensitivity analysis

The most important design parameters for the sygtesented in this paper are the pressures oreduedide
(i.e. the pressure ratio of the flue gas comprgsand the permeate pressure of the, €&pture membrane. The
effects of these parameters on plant efficiency methbrane area are discussed in the following.ignrg 5, the
effect of the CCM permeate pressure is assessad$as with 2 bar of feed pressure. The improvemesfficiency
of 0.6-0.8 percentage points with an increase & pgbrmeate pressure from 0.2 to 0.6 bar is sigmficThis
improvement is due to the reduction in the enemysamption of the COvacuum pump. On the other hand, the
increase in the permeate pressure leads to a redotthe driving force through the CCM and to ansequent
increase in its area. This increase is particulavigent when the permeate pressure is increaseuGr4 to 0.6 bar

for cases with the Huang membrane.

52.5
Huang CCM + Huang CCM + DOE
DOE CRM Polaris CRM CCM-CRM P
52.0 = - 2.0
Polaris
51.5 { CCM-CRM
X 2
- —
& 51.0 - 15 &
c (aV]
-g Ll <« Polaris S
& 50.5 CRM 3
& /7 ]
—
2 ped ©
£ 500 - - DOE - 1.0 2
8} ' Huang ccMm : c
- c
T CCM S
+— ]
% 435 DOE Polaris g
CRM cem =
49.0 0.5
48.5
48.0 0.0

0.2 0.4 0.6

CCM permeate pressure, bar

Figure 5 Effect of CCM permeate pressure on efiityeand membrane surface area for cases with 2b#ged pressure.
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In Figure 6, the effect of flue gas pressurizatborthe Huang/DOE case with 0.2 bar of CCM permpegesure
is shown. The reduction of the feed pressure tdar3eads to an increase in efficiency of 1.4 @etage points. On
the other hand, the area of both the CRM and CCHts umcreases significantly (+77% the CRM, +67% @@M).
The increase of the feed pressure to 2.5 bar redieeplant efficiency considerably (-1.25 percgataoints) but

lowers the total membrane area required by -30%pewoed to the base case.

53 1.2

52 .\ 1.0

Net electric efficiency, %

Memrbane area, m? * 106

1.5 2.0 2.5

Membrane feed pressure, bar

Figure 6 Effect of membrane feed pressure on effgyi and membrane area for the Huang/DOE case, @&heate pressure
0.2 bar.

In all the cases, the variation of feed and permeagssures involves an opposite variation in pidintiency

and membrane area.

3.2 Economic analysis

In Figure 7, the breakdown of the equipment co$tthe baseline cases in Table 10 is reported. Thinm
difference between the membrane cases is assoesidgttedhe cost of the COrecycle membrane, which is much
higher when the Polaris membrane is used due ttathe surface area required. Of course, this regends on
the fact that for all types of membranes, the sapeific cost of 50 $/frhas been assumed, independently of their
performance and commercial maturity. In all theesaghe cost of the CRM is much higher than the obshe

CCM, reflecting the result obtained for the memlesararea. The main contribution to the investmerstscis
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provided by the power island, which is more expemgi the CQ capture cases, due to the assumed 20% increase in
the GT capital cost (Capex) as a consequence ohidifications required with respect to commer@dls in order

to work with a CQ@-enriched working fluid. Another significant corttition to the capital cost is provided by the
flue gas compressor and expander, whose cost iparainle (higher in the cases with DOE CRM) to thst of the
membranes. On the whole, for the cases with 2 banembrane feed pressure, total specific capitatscaround
1550-1570 $/kW and 1330-1350 $/kW have been oldaifte the Polaris CRM and the DOE CRM cases
respectively. This corresponds to specific capitadts about 120-160% higher than the reference N@Zidbut
capture and 10-25% higher than the benchmark cébkeC@, capture by MEA. The reduction of the feed pressure
to 1.5 bar leads to a reduction in the specificitehjgost to 1256 $/kW, i.e. about 3% more than H@CC with
MEA capture. This result is due to both the reducest of flue gas compressor and turbine and tartbieeased
plant efficiency, resulting in higher net power jutt for the given plant size. The breakdown of¢bst of electricity
(COE) for the different case studies is shown igufé 8. In all the cases, the fuel cost represtrgsmain
contribution to the COE. Due to the high membranst,cwhose effect is magnified by the cost for memb
replacement, the cases with Polaris CRM also résuhe highest costs of electricity. For the caséh 2 bar of
membrane feed pressure, costs of 85-86 $/MWh an@49BMWh (+45-60% and +2-12% higher than the
benchmark NGCC without and with capture) are ole@ifor Polaris CRM and DOE CRM cases respectively.
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Figure 7 Breakdown of the equipment costs and &gactific equipment cost.

For the case with 1.5 bar of feed pressure, thé abslectricity reduces to 82.4 $/MWh, slightlyste than
83.1 $/MWh of the reference NGCC with MEA-basedtaasm With regard to the benchmark plants, it cambted
that the COE of the reference NGCC differs by aki®t from the one reported by NETL (DOE/NETL, 2012b)
(58.8 $/MWh vs. 59.6 $/MWh), with the same sharavieen the capital and fuel costs (22/73%). A slightgher
difference is obtained for the reference MEA cdse,which a COE of 82.4 $/MWh (with Capex/fuel shaof
32/60%) has been obtained in this work, compared t8OE of 90.4 $/MWh (Capex/fuel share of 30/54%) a
reported by NETL (DOE/NETL, 2012b). This is mairdye to the cost for CQransport and storage, which have
not been included in this study and contributegfoout 4 $/MWh in the NETL case.
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Figure 8 Breakdown of the specific cost of eledtric

The breakdown of the cost of G@voided (CCA) is shown in Figure 9. The overadind reflects that for the
COE, since all the cases are characterized by gippately the same CGspecific emissions. The lowest CCA, with
a value of 75.4 $/t CP has been obtained for the case with Huang CCM @& CRM with 1.5 bar of feed
pressure. This value is slightly lower than the Ca&fAhe reference NGCC with MEA capture (77.38&} For the
different membranes, the results suggest that usi@dOE membrane is preferable for the CRM duthéovery
high permeability, while the Huang membrane is gnagfle as the CCM due to the high D selectivity resulting
in the removal of the need for a g@urification unit. It should be noted that the COBtained in this work for the
reference NGCC is lower than those reported by NEdrLthe NGCC baseline case with £€€apture by MEA,
where a cost of C avoided of 96%/t C@is reported (DOE/NETL, 2012b). This differenceatfout 20% in the

CCA reflects the difference ?fCOE between the reference cases with and with@itica (20% as well).
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Figure 9 Effect of membrane on the cost ot @@ided.
3.2.1 Sensitivity analysis

The following section provides an evaluation of emsitivity of the cost of capture to variationglie feed and
permeate pressures, increasing the price of atégtto 90 $/MWh and varying the GT pressure rétiothe Huang
CCM/DOE CRM and Polaris CCM/Polaris CRM cases. fitgt combination appears as the most promisingragyno
the membrane technologies considered in this wbhle second one is the closest to possible comntieatian,
being based on a commercial membrane type.

In Figure 10, plant efficiency and CCA are reportedmbining different feed pressures and CCM petenea
pressure. The case with the lowest cost is forHbhang/DOE membrane case with feed pressure atédr. %
permeate pressure at 0.2 bar. Although reducindetbe pressure from 2.5 bar to 1.5 bar resultsitrehsed cost,
further reductions in the feed pressure to 1.1dmot lead to further cost savings. At 1.1 bafesd pressure the
increase in membrane area and cost offset anysa@stgs from the reduced cost of the flue gas cessar. For the
Huang/DOE membrane case, despite the improved tlesfficiency from increasing the permeate pressiom

0.2 bar to 0.4 bar, the CCA increases for all fpesssures, especially when the feed pressure ibak.1This is
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because the required membrane area at this permestsure is significantly large, thus the high raeme cost

offsets any cost savings from the smaller vacuumppu
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Figure 10 Cost of C@avoided and electric efficiency vs. membrane feedsure for different feed pressures and

CCM permeate pressures.

In Figure 11, the effect of membrane cost and CGvhmeate pressure is shown for the case with membran
feed pressure of 2 bar. For the Polaris/Polarie,dhe effect of permeate pressure on the CCA dokappear to be
significant. This is because for this case, thgdamnajority of the total membrane area (betweear&894%) and
thus cost is associated with the CRM, which is fewaéd by CCM permeate pressure. Similarly, initiuang/DOE
case, increasing the permeate pressures from @2 toar causes an increase of the total membna@ecd about
10%, which leads to a moderate effect on the C@érdasing the permeate pressure to 0.6 bar cansesraase of
the CCM area of almost four times with respecthi® ®.4 bar pressure case and to an increase ofob@8e total
membrane area. With such an increase of the memlaaa, the impact of membrane cost becomes much mo
significant. Reducing the specific cost of the meanle improves the competitiveness of the high patenpressure
cases in terms of $/t G@voided, because the relative contribution ofrtteanbrane to the total cost reduces while

the relative contribution of the Energy Opex to tbial cost increases.

25



180 I I I

++++CCM permeate pressure = 0.2 bar /
= CCM permeate pressure = 0.4 bar R
160 | P P 5

=CCM permeate pressure = 0.6 bar Polaris CCM /
Polaris CRM
/7

. 140 i
~~
V)
[%a)
-]
-ao: =
- 120
© /
P /
8 -’o""-‘.'
wé 100 "’.__,,-
(%)
o
O

80 . -OCNGCCWIthO-OI

MEA
60
0 25 50 75 100 125 150

Membrane cost, USS/m?

Figure 11 Cost of C®avoided at different membrane costs for differaatbranes and CCM permeate pressures, for membrane

feed pressure of 2 bar.

Figure 12 shows the effect of the specific costhaef membrane and the effect of the feed pressuréhéo
Huang/DOE case with 0.4 bar of permeate pressugur@d 12a) and for the Polaris/Polaris case withbar of
permeate pressure (Figure 12b). Both figures shawthe specific cost of the membrane influencesctivice of
feed pressure significantly. In general, as the brame cost decreases, the feed pressure thatsrasualte lowest
capture cost also decreases. This is becausesinetiiion the lower plant efficiency and the higbest for flue gas
compression and expansion are compensated by ati@mdun the membrane area. For example, in the
Polaris/Polaris case, at low specific membrane @gess than about 35 $finthe lowest cost of C{avoided occurs
at the lowest feed pressure considered of 1.5Atdntermediate specific membrane costs, betweef§/86 and 80
$/m?, the system with the lowest CCA is when the fesgbgure is 2 bar. Once the specific membrane coseds
80 $/nt, feed pressures of 2.5 bar result in the lowesACS8imilarly, for the Huang/DOE case for specific
membrane costs below 70 $/he lowest feed pressure of 1.5 bar results inldivest CCA, while 2 bar of feed
pressure is the most competitive case for spegifienbrane costs above70 $/rit is therefore clear that for any
value of the specific membrane cost and for anyhination of membranes, an optimal feed pressurgtexihich

could be found with optimization algorithms.
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For the Huang/DOE membrane system, it can be ribtdat a specific membrane cost of around 45 B/t
membrane feed pressure of 1.5 bar, the systemnigpetitive with the benchmark MEA capture case. FgiRa
reports the case with a permeate pressure of 8.4Akauming 0.2 bar as permeate pressure wouldupeodimilar
trends, with a breakeven specific membrane cost wéspect to the benchmark NGCC with MEA case auab
55 U$/nt for the feed pressure of 1.5 bar. As shown in édi2b for the Polaris/Polaris case, a specific brame

cost lower than 10 $/fis needed to make membrane capture competitive.
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electricity (58.8 $/MWh).

In Error! Reference source not found., the same analysis is performed by considerinmer@ased electricity
price of 90 $/MWh, corresponding to a scenario watmatural gas price of 12 $/GJ. In general, irgirepthe
electricity price by 30$/MWh (i.e. comparing Figui&Error! Reference source not found. with Figure 12)
increases the CCA by approximately 10-15 $/t fathbmembrane systems when the feed pressure isat,aihd
about 15 $/t when the feed pressure is about 2.5Hma both membrane systems, the specific membcastat
which CCA is comparable to a NGCC with MEA captafeo increases. In particular when the feed presisut.5
bar, the breakeven specific membrane cost is ab®@int for the Huang/DOE membrane case and about 18 $/m

for the Polaris membrane case.
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Figure 13 Cost of C@avoided with variations in the specific membraastdor different feed pressures and a price ofteilgty
of 90 €/MWh.

Finally, the effect of the gas turbine pressurerit assessed. This analysis is important becaiiee change
of the GT working fluid and its enrichment with gQvhich has a higher molecular complexity thanadd Q,
which leads to a reduction of the temperature charagsociated with compression and expansion egbect to a
conventional GT case. For example, in the casesqudy discussed with a GT pressure ratio of L&ite outlet
temperatures (TOT) around 660°C have been obtaiwkith should be compared with 608°C for the reiees
NGCC plant. This is also reflected in the differehtare of the gross power output between the gashensteam
turbine, which is 60/40% in the membrane case$%85% in the reference NGCC (see Table 10).

Therefore, from the thermodynamic point of vievhigher pressure ratio than in the conventional gaadd be
favourable for the cycle efficiency. On the othanll, a higher pressure ratio has a negative ingratite area of the
CO; recycle membrane. As a matter of fact, higherqunesratio entails higher temperature at the cosgoreoutlet
and therefore at the combustor inlet. As a consszpjehigher inert gas flow rate is needed to kbefdrget turbine
inlet temperature. Since the inert gas is providgdhe selective recycle performed by the CRMaitsa and cost
increase when the GT pressure ratio increases.

The results of this analysis are shown in Figure Tli#e region of optimal efficiency is obtained foressure
ratios between 18 and 24. It is worth noting théhwa pressure ratio of 24, the TOT ranges betvé@hand 612°C

30



depending on the membrane considered, i.e. valméisto the reference NGCC plant. This range rsgure ratio

also represents the optimal range that minimizestst of the C@avoided under the considered assumptions.
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Figure 14 Cost of C@avoided and plant efficiency vs. gas turbine pressatio for the Huang CCM / DOE CRM case withdfee
and CCM permeate pressures of 1.5 and 0.2 barr{d)the Polaris/Polaris case with feed and CCM peata@ressures of 2 and
0.2 bar (b).

4  Conclusions

This paper presents a techno-economic analysisGE @l plants with C@capture using two COmembranes,
one for CQ capture and another for selective flue gas recyide application of three types of membranes with
different permeabilities and selectivities has basgsessed.

The results show that much higher efficiencies {@pbout 3 percentage points) than the benchmark CO
capture by MEA absorption at a competitive cos€at avoided can be achieved with a target.€@pture rate of
90%. At a membrane cost of 50 US%/such performance can be obtained by combining b kaectivity and
moderate permeability membrane for C€pture with a high permeability and moderatecsieiiey membrane for
the CQ recycle. However, to achieve significant advarsagéth respect to benchmark MEA capture, better
membrane permeability and lower costs are need#drespect to the state of the art membranes. ditiad, the
need to redesign gas turbine components due t&€@eenriched working fluid represents a major chaléefor

commercial deployment of this technology.
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A sensitivity analysis on the main process and ernoa parameters shows that a moderate pressurizaftithe
combined cycle flue gas before feeding to the mambdrsystem is beneficial. The optimal feed prestangely
depends on the specific cost of the membrane bedtresults in a trade-off between the operatiost< associated
with the energy consumption of the gas compressdrtie membrane capital cost. The effect of gdsiriarcycle
pressure ratio has also been assessed due to shiaribe characteristics of the gas turbine worlfingl when it is
enriched with C@ The lowest costs of G@wvoided and highest efficiencies are obtained wi€hT pressure ratio of
18-24.
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