ENCAP SP6 — Novel pre-combustion and
oxy-fuel concepts

Presentation at the ENCAP - CASTOR Training Seminar

Dipl. Ing. Alain FERAUD

16t March 2006, Billund - Denmark

encapco> 1



Contents

B ENCAP SP6

B Objectives
B Partners

B WORK PACKAGES
B WP6.1 (Cycle analysis)
B WP6.2 (Component studies)
B WP6.4 (Economic Evaluation)

B CONCLUSIONS




ENCAP SP6 Objectives

B “Novel Pre-combustion Capture Concepts”

B |nvestigate prospective emerging pre-combustion capture
technologies with

B High potentiality for capture cost reduction
B High capture rate

B Oxy-fuel combustion cycles
B Natural gas

B Pre-combustion capture cycles
B Natural gas
B Hard coal



ENCAP SPO6 partners

ALSTOM Power Centrales (France) (SP lead)

ALSTOM Ltd (Switzerland)

Air Liguide SA (France)

ALSTOM POWER LTD - Technology Centre (UK)

Siemens AG (Germany)

Institut Francais du Pétrole, IFP (France)

SINTEF Energy Research (Norway)

The Norwegian University of Science and Technology, NTNU (Norway)
University of Ulster (UK)

Universitat Paderborn (Germany)
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WP6.1

“Methodology for modelling and screening of optional concepts”

B |dentification and selection of promising novel cycle options
B Reduced costs and/or
B Higher capture efficiency

B Results (heat and mass balances) to WP6.2 and WP6.4

B Cycle simulation work finished and published in deliverable
D6.1.3)

B Common framework of the modelling basis
B All cycles evaluated on the same basis

B External parameters from SP1 (e.g., fuel specifications, cooling water,
reference cases)

B Generic cooled gas turbine

B Representing state-of-the-art gas turbine technology
B Used in all cycles including a cooled gas turbine



WP6.1

“Methodology for modelling and screening of optional concepts”

B Cycle classification: all cycles are classified into a common
structure:

B Oxy-fuel combustion (natural gas)

M Pre-combustion capture (natural gas and coal)



Level 1
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WP6.1 Oxy-fuel classification

Oxy-fuel power cycles
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WPG6.1 Pre-combustion classification
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WPG6.1 Results

W 17 cycles

B Natural gas
B Oxy-fuel combustion
B Pre-combustion capture

® Coal
B Pre-combustion capture (IGCC)

B Basis for component studies and economic analysis =
benchmarking
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WP6.1 Results — Natural gas

No CO; | Oxy-fuel cycles
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WP6.1 Results — Coal/IGCC
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WP6.2

“Modelling, design and operational analysis”

B WP6.2 — “Modelling, design and operational analysis”
B Novel or modified cycle components

B Feasibility studies of key components
B Turbomachinery and combustors
B Heat exchangers
B Novel components (e.g., membranes, membrane reactors)

B Key technical areas: combustion, heat transfer, materials

B |dentify small-scale experimental investigations

B Results to WP6.4 (economic evaluation)

B First evaluation report D-6.2.1 submitted end of February 2006
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WP6.2

“Modelling, design and operational analysis”

Methodology

B For each cycle
B For each component
B Composition and mass flows of inlet and outlet streams
M |nlet and outlet pressures and temperatures
B Power input or output and component efficiencies

B Collection of expert opinions on each component, considering available
technology, best design practices, state of the art in materials, existing
experience and other relevant issues

B Technical and economic traffic lights given to each component
B Green: available technology, current engineering practice
O . not current engineering practice but not new science
B Red: completely new development needed or very high cost
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WP6.2 Example: Water Cycle

4 - Integrated Brayton-Rankine cycle - Water Cycle

Mass flow Inlet Inlet Polytropic Isentropic. Qutlet Mass flow Outlet Outlet
Component |inlet streams pressure | temperature | Power (MW) - pressure | temperature Technical Comments Economic Comments
(kgis) (bar) o efficiency efficiency streams (kais) {bar) i
High exit pressure. From Air Liguide we
o1 SiMtiane 192 70.00 10.00 125 8079 go g3 " Methane 192 9754 El Jerstand s fall
& Ethane and Ethane 1. ’ !
Steal I I + C O 2 iHigh exit pressure. From Air Liquide we
b . h . h (] S10 Oxygen 19.24) 75.00 15.00] 057 80.00(511 Oxygen 19.24) 97.55 29 | i | comy is jally
g S13 Steam 14 Steam ngh mlcel len?perdalule hut ;:'lmu'(' OI;G( f;r
. o 70% + 04 70% + today. Corrosion danger to he checked.
Ll N 113.54) 86.00 619.56) 67.2 90.00] 113.54) 9.07 293.82|  |Unknown effect of CO2 and H20 in these
C02 5.06% C02 5.06% f . N
i 0 The exit temy is 120
. . C above the dew point temperature.
S17 am [Very high pressure ratio = 138. Steam MJ: Inlet pressure and
187.11% + cooling. Combustor exit temperature is 1425 |@8lte mperature similar
C0. 11.62% 161.44] .80 18 C but turhine inlet temperature is 1254 C, to modern gas
. otc. 1425 o “n;neam after mixing of the cooling fluid. Fluid turhine, but a
H I g h p reSS u re 1 - 1254.00) 331.16) 81.25 92.29189.11% + 186.64) 0.07 389.66) posilon very different from that of gas completely new
C0; 3.81% [and steam turhines. Properties as in design is required
S27 Steam 173 .80 [Common Framework. The inlet temperature [@8lhecause of very
CO m b u Sto r —_— 168441 °C to the condenser is 37 C. This turbine is different fluid

High pressure combustor (92bar) which

1 ire dextensive devel t. ft
extensive proose by APUK fhat 02 s ised it

S7H,0, 59 [5789.38, 59 57 @ parl. of H,0 (57) .hefnm fuel ir.. added to
d eve I (@) p ment R1 Fuel, $11 192 and o755 0201 89 s1a ms  onoo|  grosoljachieve the desired combusdon
f Oxygen |51 1924 @ 38.0 and temperature and.emlssmns. CES. lCIealn
S11@4291 Energy Systems) is currently testing this
type of combustor (Kimberlina, SMWe).
Combustor was demonstrated for 20
Wt=10MWie, 1649 C and 107 bar.
S14 (4% 0; should be mixed with part of the exhaust
H20, 5% (514) before fuel is added. Optimization
COZ etc), |S14 11354, [$149.07, |514293.62, S17 (7% required to achieve comhustion stablity and
2 515 515975, [$1570.00, [S1510.0, H20, 12%  |S17 16144, 880 S17 1425, low emissions
(Methane, |S1636.15, [S169.07, |[S16150& C02), 526 [526 26.23 “TS26 18441
Ethane), |S2526.23 |S258.89 |S25 104.79 H20
516 (02),
Low heat -
f S S22 initial evaluation of design approaches and Large size due to low
190% H20, 186.6 0.07 369 32% H20, 903 0.07 19.0] [materials in progress - no basic obstacles heat transfer
tran Sfe r 10% CO2 62% C02 expected Very low heat transfer coefficienc
H4 2 S23 1363 .06 190 coefficient due to inert gases. Exit pressure
. . water very low.
CO effl C I e nt y I a r g e B 7969 3] 2.50 150 . 7969.8 248 250
water water
= H 52 water 1146 1.2 19.0) S3 114.6 1.20] 998]  [Exit gas helow dew point temperature Similar to HRSG
Size eq Ul pment, < 520 gas B9 8697 0 design hut very low
i LA 1836 (1) ¥ N s21 1866 047 %9 pressire => very
H H 9.8 mol-% large volumes =>
leading to high e
56 water 894 98.54) 1048 S7 H20 9.4 97.55) 3020 Similar to HRSG
$19 gas (89 S0 (2% design but very low
k CO St . ;";"% 2o, 186.3 vl a7 #t 120, 10% 106.4 007 10 fressure => very
.6 mol-% large volumes =>
K C02) o2 large size equipment




WP6.2 Example: Steam Graz Cycle

6 - Integrated Brayton-Rankine cycle - Steam Graz Cycle

CO, and steam
turbine: risk of
corrosion

CO, and steam
turbine: risk of
corrosion, very low
exit temperature
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WP6.2 Example: Semi-closed oxy-fuel CC

8 - Semi-closed oxygen combustion combined cycle - SCOC-CC
C O 2 (8 8 %) Inlet Inlet i . Outlet Outlet
Component |Inlet streams Mass flow pressure | temperature Pawer Polyt_mplc Isent_mplc Outlet Mass flaw pressure | temperature Technical Comments Economic Comments
an d Ste am (ko's) (bar) i (MW)  |efficiency | efficiency| streams (k/s) bar) "
The compressor is similar to a gas turhine Hew design required
CO m p resso r compressor, but the fluid is a mixture of
51(C0, C02 and steam for which the molecular
Esl:;:ﬁ% *ANE ;?32 1(5;22 - weight is higher than for air, thus a new
29% + Ar A+ fhn .
C1 s 35t + 536.14) 1.0 19000 1939 915| 88.37 120% + Ar 536.14 40.53 393.74|  [design is required.
2.18% 5.35%)
steam)
The fluid is a mixture of COZ and steam for New design required
which the molecular weight is higher than
C O 7 9 (y 58 (CO; $9(C0; for air, thus a new design is required. To be
78.71% + 78.71% + studied as a gas turhine. Potential
2 ( 0) m Stnam 608.2 I3 1231.49] 468.96] 86.37] 89.75 Stnam 608.2 1.06 629.11 cteam/C02 misture effacis on materials
an d Ste am 12.68%) 12.68%) would need to he investiyated (acidic
mixture - aggressive environment for
tu I'bl n e materials)
Standard steam turhine
L 531 (Steam) 8283 116.25 596.24] 2981 90.00)832 (Steam) 82.83 32.05 362.1
Standard steam turhine
LE] 536 (Steam) 8283 28.95 559.14]  46.39 92.00)837 (Steam) 82.83 3.96 282.39
Standard steam turhine
T4 538 (Steam) 98.90 3.96, W754] 6537 88.00)539 (Steam) 98.90 0.05 32.15
i i Hew design required
. 3007 [ssamz [s3a0s  [s3aeans $6 (C0? (T:':; 2""’ ;iz'ﬁ;" d:zl;"r:x;”:n‘::::;':’:x?: the an e
N 0 m a O r R1 S4 (fuel)  |S4 1467  |S47000 |54 100 76%, H20 483.29 9.3 1425.00 X ?
J S5 (03 [sa5r3 [ss4043  [saa0 15% emperature. The CO; can be used for
. combustor cooling.
teC h n I C al O r 523 4 The condenser pressure is 1 bar {in the
(13% H20, 08.2 1.02 96.7 water 295 1.0 19.0]  |Water cycle, the pressure is 0.07 bar).
. 79% CO2) Corrosion is a challenge where
eC O n O m I C W 1 525 condensation takes place. Condensation
' 2% H20, 518.7 1.01 19.0]  with inert gases present must he taken into
b H I 48% C02) account.
ar r I e r S - . 2632.6 250 15 ) 2632.6 248 5.0
water water
Standard HRSG technology, but with
Hz H16 somewhat different fluid composition
|compared to air-based system
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WP6.2 Example: Semi-closed oxy-fuel CC

79 mol-% CO,
13 mol-% H,O
5 mol-% Ar
4 mol-% N,
0 rpol-% o,
Pressurized E
oxygen (95 %) ! Condenser
I 1lbar
NG >
(14.67 kg/s) Condenser
> °C
‘r ‘ 0.048 bar H,0 CO, to
compression
° O——
—>
GT Steam Generator 88 mol-% CO,
turbine 5 mol-% Ar
4 mol-% N,
2 mol-% H,0
~ 88 % recycle (mass basis) 0 mol-% O,

Combined cycle with exhaust
gas recirculation

Combustion with oxygen
2-p HRSG, reheat

Net efficiency 47.7 %
Net power 325 MW

99.9 % CO, capture
efficiency

CO, emission
0.6 g CO,/kWh,
ASU 0.30 kWh/kg O,
Critical components
B Turbomachinery for
CO,/H,0
B Near-stoichiometric
combustion
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WP6.2 Example: Semi-closed oxy-fuel CC

CO, and steam compressor

Change in loading coefficient for PR=40 against exit hub/tip ratio

|deal

0.96

operational

0.95

region \ .

A0.94

N

BN

Exit hub/tip rat

N

0.89

0.88

A"

N

-0.06

-0.04

-0.02 0

0.02

Delta psi

A compromise configuration for good surge margin and low
sensitivity to clearance losses resulted in 24 stages

0.04

0.06

0.08

—o— 22 stages -
—8—22 stages -
22 stages -
24 stages -
=¥ 24 stages -
—eo— 24 stages -

phi=.45
phi=.50
phi=.55
phi=.45
phi=.50
phi=.55




WP6.2 Example: Semi-closed oxy-fuel CC

CO, and steam compressor

Annulus of initial compressor concept

1

0.9 A

0.8 1

E

- 0.7 4
8 0.6 - LI

0.5 1

0.4

0O 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5 52 54 56 58 6 6.2 64 66 6.8 7

Axial distance (m)

Conclusions

* The working fluid of the compressor necessitates the design of
a radically different compressor from those currently in use
iIn 50 Hz industrial gas turbines

« Working fluid results in the need for more stages at lower exit radius,
the impact of the longer rotor on rotor dynamics should be
Investigated

o If the compressor parameters are not significantly changed, high

efficiencies consistent with cycle calculations should be obtained
—
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WP6.2 Example: Semi-closed oxy-fuel CC

CO, and steam compressor

Annulus of initial turbine concept

/// Conclusions
P
yd « Due to working fluid, a new
P turbine Is required
: rd » Implications of CO, as the
d = cooling gas should be
assessed
L e First stage should be optimised
— with respect to tip clearance
and cooling flows

Axial distance (m)

Four stages, high hub/tip ratio at
first stage
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WP6.4

“Methodology for modelling and screening of optional concepts”

B Performed by the University of Ulster (UK)
B |nput from the other WPs

B On going work

B Precise information about module costs (boiler island, piping, turbine,
heat exchangers) is currently collected from the partners.

B Implementation of economic analysis using the ECLIPSE toolbox.

B Expected results
B Economic analysis is expected for the end of July 2006

B Followed by a sensitivity analysis that is to be completed at the end of
December 2006

B CO, avoidance cost including transportation and storage at the end of
February 2007
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Conclusions 1(2)

B The semi-closed oxygen combustion combined cycle
(SCOC-CC) is one of the most promising cycle

B Efficiency (47.7 %) almost as high as for the S-Graz cycle
(the cycle with the highest efficiency, 48.9 %)

B Optimisation could improve the efficiency by up to 0.5 %-
points

B The SCOC-CC is the least complex of the oxy-fuel cycles
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Conclusions 2(2)

B General disadvantages of oxy-fuel cycles

B | arge fraction of non-condensable gases in the stream sent
to the CO, compression train (10 mol-%)

B The energy required for purification has not been considered

B The S-Graz cycle and the Water cycle have very low
condenser pressures (= large, expensive heat exchangers)
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Thank you for your attention!
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