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Motivations & goals

Possibility of retrofitting
Jﬂ into existing plants -
©, >
Part-load ETN
Goals efficiency/ % dl“ =
Design flexible NGCC-PCC 3
power plants Large-scale . IAbI“ttyhto .
~500 MW alance the gri
« Size effect on flexibility and ( ) 9
performance Small-scale NGCC-PCC
 Part-load effect on steam (el W) ) power plant
properties for solvent
regeneration
1%L
Minimize CO,
Fastest start-up & emissions
shut-down rates
'l T .
[1] IEA, “The oil and gas industry in energy transitions”, tech. rep., France, 2020. -_..._ Best suited for
[2] IEA, “The role of gas in today’s energy transitions,” tech. rep., Paris, 2019. th e OI| & g as sector

[3] IRENA, “World energy transitions outlook 2023: 1.5°C pathway” , Abu Dhabi: International Renewable Energy Agency, 2023.
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Large-scale power plant layout

= Single-shaft gas turbine {‘ﬂ

—{ -

= Three-pressure levels HRSC N <L ]
= Fuel pre-heater ‘/
» Steam extraction at IP/LP crossover ok ogh B

= CO, absorption process based on MEA Eu

4 intercooled compressors

Stripper

REBOILER
c |
HE <
Lean solvent
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Small-scale power plant layout

q e = Two-shaft gas turbine
»—X] B
[f:%‘ ;mlﬂn ri% = Two-pressure levels HRSC

{

ol , | | ! ' ‘ S = Steam extraction at HP/LP crossover
f il_ ’ Reboiler input parameters
[SHHP] [EVAHP} [ECOHP] [SHLP] W LECOLPZJ [ECOLP1] Inlet pressure 2.7 bar
P e Condensation 130 €

¥ CO2rich gas [ PR . cPR2 | PR3 - PR
lif JAT | E;QIJ[F_H, ’ﬁ@”ﬁ{ ﬁ’ﬁéﬂ temperature

[ Reboiler ]

1. Insufficient\
pressure

2. Insufficient
steam mass
flow rate j

Stripper

Absorber

Rich solvent

REBOILER
— )
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Solutions to control reboiler extraction pressure

Low-pressure turbine }

Reboiler input parameters [With steam compressor

Low-pressure turbine
with readmission valve

Inlet pressure 2.7 bar T e

Condensation 130 €
temperature > To the c}ondenser
Evaporation 120°C
temperature
Outlet condition  saturated liquid T~
hot Side ————— LP TURBINE :@
/\
% At least 15% of steam expands in A
the LP steam turbine MEA MEA
OUT IN
IP turbine * ¢ e.l;oor:n'flii?etr ngﬂzgtn €
l outlet - w 4’@_) l
. 3/ ; Reboiler

LP steam
generated
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To the g_g)ndenser

\/

LP TURBINE

—®

T

Readmission
valve
F 3

To the reboiler

LP steam
generated

Y

> 4
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Model and numerical assumptions - Power block

SOFTWARE DESIGN

0 e

Gas Turbine NGCC

Set-up Modelling

Numerical Part-load
Assumptions, Simulations

Thermoflex®

HRSG state-of-the-art parameters Large-scale Small-scale
= 3PL = 2PL ATap 25 € 20C
< = 17 banks = 7 banks
- GE 9HA.02 GE LM6000 = Shell & tube = No preheater ATpp 8 T 8L
- 527 MW 43 MW preheater = Shell & tube ATscLP/IP 59 )
=  Shell & tube water-condenser
ETN water-condenser ATscHP 10C 5¢€

[5] Martelli, E, Girardi, M, & Chiesa, P. "Breaking 70% Net Electric Combined Cycle Efficiency with CMC Gas Turbine Blades." Proceedings of the ASME Turbo Expo 2022: Turbomachinery Technical Conference
and Exposition, 2022.
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Model and numerical assumptions - Carbon capture and storage

SOFTWARE DESIGN

0 e

CCSs Numerical Part-load

Assumptions Simulations

Modelling

Aspen Plus®

= Existing model designed by = Rate-based approach for the
GECOS research group [6] absorption and regeneration
columns

[6] D. Terreni, “Technical assessment of MEA-based solvent and mixed salts process for CO2 capture in cement industry.” ,2020.
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Case studies

O )
Minimum load Reference case
« 30% -> Large-scale plant - Benchmark case
* 40% > Small-scale plant  No CCS facility
- J - Sliding pressure part-load control strategy
e . , Greenfield case
Specific primary energy consumption for CO, avoided
/ « ‘Capture ready’ power plant
SPECCA[ ] _ HRes - HRof _ 3600 (nccs T ) - Simultaneous operation with CCS
kgCo; €ccs™ €,ef €ccs™ €,ef

_ Net power output
~ Thermal power input

./l POLITECNICO MILANO 1863



Large-scale power plant results - Greenfield case

Reference case
Ne= 62.12 %

P =757.35 MW

g -]
& 3

Turbine outlet temperature [°C]
(=2
8

(=23
W
wd

40 50 60

70

80 20

Greenfield power plant viable
down to 30% following sliding

pressure control

GT Load [%] o
Load [%] 100 80 60 30
m e [kg/s] 984 864.1 737.9 549.8
Psr [IMW] 527.48  424.65  320.42 161.52
Psr [MW] 173.28  157.91  141.48 109.96
Pyer [IMW] 657 544.69 432.37 249.32
Net [%] 53.99 52.48 50.70 44.50
An w.r.t ref. plant -8.19 -8.25 -7.90 -8.14
SPECCA [MJ/kgCO,] 2.82 2.93 2.90 3.40

OLITECNICO MILANO 1863

180 . . . : : :
—8—Reference case
160 { | —®— Greenfield case .-.
——n to reboiler .
@ 140| |- #- - to LP turbine
()]
=,
8120+
o
3
O 100+
G-
/2]
[72)
3]
= 80r
60
40

30 40 50 60 70 80 90 100
GT load [%]

VPressure above 2.7 bar > 4.98 bar at 30%

VMim‘mum steam mass flow rate to LP turbine




Large-scale power plant results - Retrofit case

240
220 -
< 20| % Retrofit power plant can operate
= i | down to 30% only if design
03160 modifications are implemented
140
120 ¢
! 0030 4I0 5I0 6I0 7I0 8‘0 96 100

GT load [%]

Steam compressor Readmission valve

Load [%] 100 80 60 30 100 80 60 30
P [MW] 187.39 171.39 153.17 117.13 183.45 166.22 147.44  110.99
Pyer IMW] 662.96 547.41 434.14 249.36 665.74 548.72 434.82  249.13
Ne [%] 54.48 52.71 50.77  44.48 54.71 52.83 50.85 44.44
An w.r.t ref. plant -7.70 -8.02 -7.83 -8.16 -7.47 -7.90 -7.75 -8.20
SPECCA [MJ/kgCO,] 2.63 2.84 2.87 3.40 2.54 2.78 2.84 3.43
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22

215

g
-

2.05¢

195

pressure at reboiler inlet [bar]
—
o ()

1.85;

1.8 ! ! ‘ ‘ ! !
30 40 50 60 70 80 90
GT load [%]

100

X Pressure above 2.7 bar at every GT load

VMim‘mum steam mass flow rate to LP turbine




Large-scale power plant results - Comparison

Pressure at LP crossover Net electric efficiency Net power output
6 65 . ' , w w w 800 .
—8—Reference case
55 —A—Retrofit with valve case

- |- ® -Retrofit with compressor case
—®—Greenfield case

(3.}
Y

»

(3]
o
=)

—®—Greenfield case
—@— Retrofit with compressor case
—@—Retrofit with valve case

'S

Net plant efficiency [%]
&
Net power output [MW]

Pressure at crossover [bar]

3.5 —8—Reference case
3 L
© ® 50 -
2.5 - & -Retrofit with compressor case
—A—Retrofit with valve case
g —e
2t J —8—Reference case
—®—Greenfield case
1.5 ; : ; ! ; ; 454 ' ' : : : : ] 200 ' ' ' : ; ;
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
GT load [%] GT load [%] GT load [%]

1. Conducting same analysﬁ
starting from a lower
pressure

= All the large-scale designed NGCCs with PCC display good flexibility and very similar efficiencie

2. Replacing throttling valve
with a single-stage steam
turbine




Small-scale power plant results - Greenfield case

Reference case
P.om=56.39 MW Ne = 53.91 %

(=2}

% Greenfield power plant viable
down to 70% following sliding
pressure control

o
n
T

()]

:P'
()

Design modifications < Greenfield with
to enhance the readmission valve
NGCC flexibility can operate down

0
(3]

Turbine outlet temperature [°C]

w
T

Crossover pressure [bar]
B

40 50 60 70 80 90 100

GT load [%)] to 50% 25
Load [%] 100 80 70 60 50
2 1 1 1 1 1 1 1
Meg [kg/s] 125.6 116.3 111.3 106 99.39 60 65 70 75 80 8 90 95 100
GT load [%]

P.r [MW] 42.99 34.48 30.21 25.93 21.63

P, [MW] 8.27 6.26 5.16 4.08 3.06

Pyer [MW] 48.15 38.10 32.91 27.76 22.66

ot [%] 1603 4288  40.7 3795 3443 X Pressure above 2.7 bar at every GT load
An w.r.t ref. plant -7.88 -8.62 -9.20 -9.98 -10.93 \/ .. )
f f-p Minimum steam mass flow rate to LP turbine

SPECCA [MJ/kgCO,] 3.09 3.61 4.04 4.69 5.63
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Small-scale power plant results - Retrofit case

26

N
(¥

2551

N

251

O/

s Retrofit power plant can operate
only if design modifications are
implemented

ity
(o]
T

2451

Qreb [MW]
N
i
-
(=]

-
£

22.5¢

—
N
T

224 Down to 40% with | |Down to 60% with

21.5 : : : i : . e
m o &0 -0 g0 - 100 |Steam compressor | |readmission valve
GT load [%]

—
T

Pressure at crossover [bar]

-
()
T

Steam compressor Readmission valve

Load [%] 80 70 60 80 70 50 60 70 80 90 100
GT load [%]

P [MW] 9.42 7.61 6.67 5.76 4.21 8.94 6.70 5.52 4.41
Pyer [MW] 48.36  39.35 34.38 27.13 16.36 48.62  38.44  33.24  28.05
Ne( [%] 46.24  44.33  42.52  37.09 28.14  46.49  43.31  41.11 38.34 x Pressure above 2.7 bar at every GT load

Anwrtref. plant  7.67 7.7 7.38 -10.84 -14.17 742 819 879 _ -9.59
SPECCA [MJ/kgCO,]  3.00  2.90  3.10 521 893  2.88  3.39  3.82  4.46 XK Minimum steam mass flow rate to LP turbine
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Small-scale power plant results - Comparison

Pressure at LP crossover

Pressure at crossover [bar]

—¥— Greenfield with r.v case

—&— Retrofit with compressor case
-4k Retrofit with valve case
|—®—Reference case

—®— Greenfield in sliding pressure case

40 50 60 70 80 90
GT load [%]

= All the small-scale designed NGCCs with PCC display very similar efficiencies

» The steam compressor is the only solution that can operate until the minimum GT load

,@ POLITECNICO MILANO 1863

<=

100

Net electric efficiency

L a (4]
3] o (3]

Net plant efficiency [%]
IS
o

w
o

—®—Greenfield in sliding pressure case
-¥-Greenfield with r.v case

- & -Retrofit with compressor case
—A— Retrofit with valve case
—8—Reference case

N
O
o

50

60

70 80 90
GT load [%]

100

Net power output

60 T
—8—Reference case
55 |- |- ® -Retrofit with compressor case
¥ Greenfield with r.v case
= 50 -|—® Greenfield in sliding pressure case
E —A— Retrofit with valve case
— 45
whd
2
= 40 -
(o]
® 35¢
5
e 30
il
[T}
= 25 -
Y-
20t F
1 SF 1 Il 1 1 1
40 50 60 70 80 90 100

GT load [%]

- best flexibility
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Conclusions and future perspectives

« Large-scale configurations have good flexibility and high efficiency down to 30% (~ 54%)

% Sliding pressure control strategy does not ensure Retrofit plant operation
without design modifications

» For a small-case NGCC with PCC the operational flexibility is more critical

% Greenfield power plant following a sliding pressure part-load control strategy \

can operate down to 70% 1. Readmission valve

installation extends
< Retrofit power plant face insufficient pressure — operation down to 60%

2. Only steam compressor
installation allows to
operate at minimum load

- J

Economic Analysis
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Modelling assumptions - Power block

Large-scale NENEILICHE  Fuel composition

185 bar 30 bar
IP 43 bar - - s 89‘y\
C,He 7%
LP 6 bar 6 bar CHy 1%
Peond 0.04 bar 0.04 bar CHo 0.1%
HP SH3,, 605 € 440C CsHy; 0.01%
RH,, 602 <C - o, 2%
LP SH,, 3251C 193 \ N, 0.89%/
Alap 25 € 20
ATpp 8 € 8<C
ATsctP/IP 5°C ;
ATscHP 10<C 5C

POLITECNICO MILANO 1863




Modelling assumption - Carbon capture and storage section

LRy AT .,
DCC,,
Blower n;,
AP blower
Absorber
N° stages

Total height

Diameter

L/G
Stripper
N° stages

Total height

Diameter

Reboiler ,,

Large-scale
7C
33C
75 %
54.1 mbar
Large-scale
5
20m [7]
23.5
1.2
Large-scale
3
3.36 m[7]
20m
120C

Small-scale
7C
33C
75%

0.89 mbar
Small-scale
5
12 m [8]
9m
1.2
Small-scale
3
3.36 m
8 m
120C

Darcy-Weisbach equation

P ; 2
K¢ AP [ba-r] = k pm

253 1
E‘ 2525
=
0@ 252
2515
251 : : ‘ ‘
1.15 1.2 1.25 1.3 1.35 1.4
L/G
Compressors Large-scale  Small-scale
N° 4 4
ny 85 % 85 %
Pco; 110 bar 110 bar
Condensate,, 40<C 40C

[7] A. Zelaschi, “Development, modelling and optimization of reheated gas turbines and combined cycles for post-combustion CO2 capture and storage”, 2022.
[8] Gjernes, S. et al., “Documenting modes of operation with cost saving potential at the technology centre mongstad,” in 14th Greenhouse Gas Control Technologies Conference Melbourne, 2018
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GE 9HA.02 performance plots (valid for all the cases)

[=2]

[=2]

(5]
(3]
(2]
o

GT net power

(5]

(=

o
T

‘E’ §_4so -
2 655" 3
o + 400
2 :
g 650 [ 9350+
- °
k] < 300 -
3 645 £
) L

g 2%
g 640 o
2 8 200

635 ‘ : : ' : : 150 : : : : : :

30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
GT Load [%] GT load [%]
44 1000

H
N

GT Efficiency Flue gas flow rate

900 [

S
o

w
@

800 |

700 |

w
S
T

w
N

600 |

Gas turbine LHV efficiency [%]
&
Exhaust gas mass flow rate [kg/s]

500

30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
GT load [%] GT load [%]




Large scale plant

Carbon capture section consumption

e 7MW > 3.9 MW (5.9 MW due to the reboiler)

Compressors train
« 20.7 MW > 9.6 MW
Specific heat of the reboiler [MJ/kgCO,]
« 3.79 MJ/kgCO, - 3.71 MJ/kgCO,

GT load |%] 100 80 60 30
TOT [°C] 638.40 | 647.90 | 660.70 | 663.00
Teg |kg/s] 984.00 | 864.10 | 737.90 | 549.80
GT net power [MW]| 527.48 | 424.65 | 320.42 | 161.52
ST net power [MW]| 173.28 | 157.91 | 141.48 | 109.96
Plant net power [MW]| 657.00 | 544.69 | 432.37 | 249.32
Net total electric efficiency [%] | 53.99 | 52.48 | 50.70 | 44.50
An w.r.t. reference plant |%] -8.19 -8.25 -7.90 -8.14
CO; emissions [kgCOz/ MW he| | 18.94 19.59 | 20.27 | 21.53
SPECCA [MJ/kgCOs] 282 | 293 | 290 | 3.40
LP steam pressure |bar] 6.00 5.94 5.76 4.98

Table 5: Greenfield configuration main results

Compressor Readmission valve

GT load [%] 100 80 60 30 100 80 60 30
ST net power [MW]| 187.39 | 171.39 | 153.17 | 117.13 | 183.45 | 166.22 | 147.44 | 110.99
Plant net power [MW] 662.96 | 547.41 | 434.14 | 249.36 | 665.74 | 548.72 | 434.82 | 249.13

Net total electric efficiency [%] | 54.48 | 52.71 | 50.77 | 44.48 | 54.71 | 52.83 | 50.85 | 44.44
An w.r.t. reference plant [%] -7.70 | -8.02 | -783 | -816 | -747 | -7.90 | -7.75 | -8.20
COs5 emissions [kgCOy/MWh,| | 18.77 19.50 | 20.19 | 21.53 18.69 19.45 20.15 21.55
SPECCA [MJ/kgCOs| 2.63 2.84 2.87 3.40 2.54 2.78 2.84 3.43

LP steam pressure |bar| 2.20 2.15 2.08 1.84 2.7 2.7 2.7 2.7

Table 6: Retrofit configuration main results
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LM6000 performance plots (valid for all the cases)

F
(3]

GT net power

»
o

w
(3]
T

Turbine outlet temperature [°C]
N
[3,]

Gas turbine power output [MW]
w
o

1 1 1 L 15 1 1 1 1 1
40 50 60 70 80 90 100 40 50 60 70 80 90 100
GT load [%] GT load [%]
42 , 130 :

-

N

(3]
T

GT Efficiency Flue gas flow rate

- - - -

o - — N

(3] o (3] o
T T

w
N

Exhaust gas mass flow rate [kg/s]
=
o

40 50 60 70 80 90 100 40 50 60 70 80 90 100
GT load [%] GT load [%]




LM6000 results

7 T T T T T T T T T

Carbon capture section consumption 40 % load
« 0.16 MW > 3.9 MW 65k 1
Compressors train
« 2 MW D> 1MW 3 °f 1
0
2
S 550 -
GT load [%] | 100 | 80 | 70 | 60 | 50 | 40 =
02 15.25 | 15.75 | 16.01 | 16.27 | 16.47 | 16.69 Y
CO 3.33 | 3.04 | 280 | 274 | 2.62 | 2.49 S 1
No 80.45 | 80.25 | 80.14 | 80.03 | 79.94 | 79.85
Ar 097 | 097 | 097 | 096 | 0.96 | 0.96
45 -
Table 7: Reference power plant dry flue gas composition (mol.%) L% Jond
4 1 1 1 1 1 1 ] 1 1

2.4 2.5 2.6 27 2.8 2.9 3 3.1 3.2 3.3 3.4
CO, concentration (mol%])

POLITECNICO MILANO 1863




LM6000 results - Greenfield case

GT load [%] 100 80 70
TOT [°C| 461.6 | 436.2 | 422.7 1
Meg kg/s| 125.60 | 116.3 | 111.3
GT net power [MW]| 42.99 | 34.48 | 30.21 0.98
ST net power [MW]| 707 6.37 | 5.68 '
Plant net power |[MW]| 47.62 | 38.14 | 33.40 0.96
Net total electric efficiency [%] | 45.53 | 42.97 | 41.31
An w.r.t. reference plant |%)| -8.38 | -8.53 | -8.59 0.94
CO3 emissions [kgC O/ MWhy| | 10.84 | 854 | 7.10
SPECCA [MJ/kgCOs| 3.33 | 3.56 | 3.72 0.92
LP steam pressure |bar| 6 4.37 | 3.36

Table 8: Greenfield in sliding pressure configuration main results

Normalized ratio
o
[{=]
»

0.88
GT load |%] 100 80 70 60 50 0.86
TOT [°C| 461.6 | 436.2 | 422.7 | 410.7 | 401.3
e, |kg/s| 125.60 | 116.3 | 111.3 | 106 | 99.39 X " : _
GT net power [MW] 42.99 | 34.48 | 30.21 | 25.93 | 21.63 oo L E RS TR
ST net power [MW]| 8.27 6.26 | 5.16 | 4.08 3.06 0.82 Normal!zed total LP steam produced| |
Plant net power [MW] 48.15 | 38.10 | 32.91 | 27.76 | 22.66 - @ Normalized extracted LP steam
Net total electric efficiency |%] 46.03 | 42.88 | 40.7 | 37.95 | 34.48 0.8 . . . . .
An w.r.t. reference plant |%] -7.88 | -8.62 | -9.20 | -9.98 | -10.93 70 75 80 85 90 95 100
CO; emissions |kgCO2/ MWh| | 10.72 8.56 7.17 | 6.14 5.18 GT load [%]
SPECCA [MJ/kgCO2| 3.09 3.61 | 404 | 469 | 5.63

Table 9: Greenfield with readmission valve configuration main results
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LM6000 results - Retrofit case

Compressor Readmission valve
GT load |%)] 100 80 70 60 40 100 80 70 60
ST net power [MW]| 9.42 | 7.61 | 6.67 | 5.76 4.21 894 | 6.70 | 5.52 | 441
Plant net power [MW] 48.36 | 39.35 | 34.38 | 27.13 | 16.36 | 48.62 | 38.44 | 33.24 | 28.05

Net total electric efficiency [%] | 46.24 | 44.33 | 42.52 | 37.09 | 28.14 | 46.49 | 43.31 | 41.11 | 38.34
An w.r.t. reference plant |%] -767 | -7.17 | -7.38 | -10.84 | -14.17 | -7.42 | -8.19 | -8.79 | -9.59
COy emissions [kgCOy/MWh| | 10.67 | 8.28 | 6.86 6.28 5.07 | 10.61 | 847 | 7.10 | 6.08
SPECCA [MJ/kgCO,| 3.00 | 290 | 3.10 | 5.21 893 | 288 | 3.39 | 3.82 | 4.46

LP steam pressure |bar] 203 | 1.62 | 1.38 1.14 0.71 2.7 2.7 2.7 2.7

Table 10: Retrofit configuration main results

12 . : . : . 10
—®—Retrofit with valve case 1 —e—Retrofit with compressor case 95.2 |—#—CCR required
—®—Retrofit with compressor case E. 9l —e— Retrofit with valve case - & -CCR satisfied
10 [ 1 B b 5 &
E 95 P o —

— r ; 8
" i
g sl g. 94.8
e o —
g s 77 294.6
€6 1 2 14

s (&
1 [ -+ B 3 044
4l . ] S
8 | = - S 5 94.2
= eI = - £ ‘

D" P 944
L 3 = 4l
—e— i to reboiler 0
- #-rh to LP turbine 93.8
0 1 1 1 1 1 3 1 L 1 1 1 L 1 L L L
40 50 60 70 80 90 100 40 50 60 70 80 90 100 40 50 60 70 80 90 100

GT load [%] GT load [%] GT load [%]




Steam compressor preliminary sizing

Large-scale power plant

Design mass flow rate [kg/s] sof- "
Design pressure ratio [-] a0} | "
Design inlet pressure [bar] otimicha
Number of stages 20/~ -
Rotational speed [rpm] D, 4,
Assumed isentropic efficiency [% — - -4
p y [ O] '\/5 T \ Fl%'m’uo .
W, = Lsm i3 ~
Small-scale power plant f T ——r Nse, :

Design mass flow rate [kg/s] 2} ¥ e
Design pressure ratio [-] 7

Design inlet pressure [bar]

08— —

Number of stages 08} o
ROtatlonal Speed [rpm] n;.oa 0.:)8 . 0.1 0%2 0{4 0?6 1 ; (l). 41 : : 10 2lo 40

Assumed isentropic efficiency [%]
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