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Modelling Decarbonization Technologies

AGENDA Thursday, 3 June 2021 :

(1) Welcome &Overviev’

(2) Demonstration of selected sample files:

V "Traditional Renewablelechnologies
V CQ Capture gew plant designwith CCS &ddingCC3o an existingplant)

(3) NOVO PRO

V Introduction

V Sample 1: 300MW Hybrid Plant (PV + Wind + Thermal Plant), Grid Simulation
V Sample 250MW OpenrCycle Gas Turbine Replacement Project in Australia

(4) Powerto-Xfeatures

V Hydrogen
V Storage

(5) Questions & Answers (approx. 15min)
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Thermoflow' s Products contribute to the "Green Transition"
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DecarbonizationTechnok')gy. OVERVIEW GTPRO®/ STEAMPRO®/ THERMOFLEX NOVOPRO®
GTMASTER® STEAMMASTER® - PEACE®

Conventionatoalplantswith flue gas CQcapture FDM link
Biomass and WtE plants with or without flue 2@ capture Yes Yes FDM link
GT Combined Cycles with flue g3 capture Yes Yes FDM link
IGCC plants with flue g& capture Yes Yes FDM link
IGCCdr NG) plantswith pre-combustioncarboncapture Yes Yes FDM link
CombinedCycleor cogenflexibly integratedwith SMRpre-combustioncarboncapture Yes FDM link
Oxyfuel coalfired plants Yes Yes FDM link
SupercriticalCQ/Oxy-Fuelcycles incl'Allam Cycleand"Graz Cycle Yes FDM link
Solar Thermal (CSP), aadintegratedsolar thermalkystemge.g. ISSCC) Yes _[I?;JXRen "
Liquid Air Energy Storage (LAES) Yes DU Storage
Wind Farmsand Powetto-X, Electritdeater Heat Pumps, Heat Storages Yes Yes

PV Plants and Pown-X,storages ElectricHeater Heat Pumps, Heat Storages Yes Yes
Hydrogenproduction Yes Yes
Hydrogenasfuel in anythermal plant Yes Yes Yes FDM link
Batteries PumpedHydrg UserDefinedStorage, Heat Storages, F@Hll Yes Yes
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DecarbonizationTechnology Sample File in Library 0] /€] =

Conventional coal plants with flue g&€&) capture THERMOFLEX file: Coal Plant (fTiedto CCS (SB4)
Conventional coal plant with flue g& capture.STP

Biomass and WtE plants with or without flue g3 capture THERMOFLEX fi®asteto Energy (S25a)
MSW plant with flue ga€Q capture.STP
MSW plant without flue ga€Q capture.STP

GT Combined Cycles with flue S capture Conventional NG cmbined cycle with flue ¢43 capture.GTP

IGCC plants with flue g& capture THERMOFLE}s. IGCQvith post-combustionCCS (Sh6a), (S8L7a)
IGCC plant with flue g&O capture.GTP

IGCCdr NG) plantsvith pre-combustioncarboncapture THERMOFLE}s. IGCQvith pre-combustionCCS (SB6b), (S5L7b)

IGCC planwith pre-combustioncarboncapture.GTP

CombinedCycleor cogenflexiblyintegratedwith steammethane THERMOFLEX file: Simglsammethanereformer (S618)
reformer (SMR)pre-combustioncarboncapture

Oxyfuel coalfired plants THERMOFLE}es. SupercriticaPCwith postcomustionCCS (ShH1)
SupercriticaDxyfuel PCwith post-combustionCCS THERMOFIfies (S5
14a), (S5L4c)

PressurizedCFB Oxjuel with CCS THERMOFIf#e(S521)
Hybrid GT Oxfuel with CCS THERMOFIfites (S513), (S&L2)

SupercriticalCQ/Oxy-Fuelcycles incl'Allam Cycleand"Graz THERMOFLEdes. Graz Cycle (Ofuel) (SR29)
Cycle" Allam Cycle (Oxiyuel) (S25a), (S525b), (S%bc)

.&\ Thel’mOﬂOW © 2021 Thermoflow Inc.



DecarbonizationTechnology Sample File in Library oPAGE

Solar Thermal (CSP), aadintegratedsolar thermalsystems THERMOFLEes. Solar Thermal (8%7), (S&7a), (S99), (S59b), (S5L0),
(e.g. ISSCC) (S510a)

Integrated Solar GTCC {&5

Integrated Solar Gas Turbine Cycle-(8b)

Liquid Air Energy § (S530a)

ing (S80c)

\IQVe";f Eifr:]“;nd Pof X | yiri®re samples http://thermoflow.com/decarbonization.htm||(S523). (S22b),

PV Plants and Pow 522), (S22b),
Hydrogenproductionfrom Wind and PV THERMOFLEX file: WhodHydrogen (S24a)
Hydrogenproductionfrom SteamMethaneReformer SMR THERMOFLEX file: Stelslmthane Reformer (S4.8)

Batteries PumpedHydrg UserDefinedStorage, Heat Storages, THERMOFLEX filbsorption Chiller + Stratified Storage Tank THERMOF!
FuelCell files(S324)

Sample Fileg default folder: "CtProgram Files (x86)hermoflow 29Samples"
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http://thermoflow.com/decarbonization.html

Modelling Decarbonization Technologies

AGENDA Thursday, 3 June 2021 :

(1) Welcome & Overview

(2) Demonstration of selected sample files:

U "Traditional" Renewable Technologies

V CQ Capture (new plant design with CCS & adding CCS to an existing plant)
(3) NOVO PRO

V Introduction
V Sample 1: 300MW Hybrid Plant (PV + Wind + Thermal Plant), Grid Simulation
V Sample 250MW OpenrCycle Gas Turbine Replacement Project in Australia

(4) Powerto-Xfeatures

V Hydrogen
V Storage

(5) Questions & Answers (approx. 15min)
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"Traditional’, "Old", "Thermal, X lower emissions& Renewableoptions

- HighEfficiencyl'hermalplants
- Biomasd Wasteto Energy

- SolarThermal

- Geothermal

- Bilogast Recip Engines

- sCQcycles

- CQ capture

- HybridPlants
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HighEfficiencyThermalPlantsA lessspecificCQ kg/MWh

- Ultra Supercriticalr DoubleReheatConventionabteamPlants(STPM &TFX)
- AdvancedH-Classsas Turbin€ombinedCycles
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2.1 1000 MWUItraSupercriticaDoubleRH CoaPlantin STEAM PRO

Plant gross power 900194 kw Ambient
Plant net power 865496 kW 1.013p
Number of units 1 : 1;1‘
Plant net HR (HHV) 8376 kJ/kWh — Ti’;:'bu;
Plant net HR (LHV) 8099 kJ/KWh — 0 !

Plant net eff (HHV) 42,98 % Net Eff (I—HV) - 4415 /0

Plant net eff (LHV) 4445 %

Aux. & losses 34698 kw SpeCIfl(I:Q - 725 kgMWh

Fuel heat input (HHV) 7249 GJh
Fuel heat input (LHV) 7010 GJh

Fuel flow 5227 t/iday
2575 p 8213 T 17805 M
27,3p4536T17805M )
8140821419737 M T
83840398 4 T 15737 M 1481 M
To stack 04,5 p 8021 T 22171 M

\V '/ / : 900194 kW
HPT | — PIPT = 2PTs |/ 4x1LPTs

SO2 removal 5 1250.9 M
aff =95 % o = = 0.941 x
800 T 820T 820T
144 8T 21T M 19737 M 17805 M
> oFan 2,358 M
ESP
137.8T 13787 N
338 M
Dust coliection 3154 M A
eff=385% seddns
BFPT
02T 20527 23157 19527 180.2 7 12827 .23 T 85,027
322,1p
20027 i} 8D = 70 = 6D | 5C = 4D — 3D — 20 = 1P
2171 M
2329p
TTD [C] 2,78 278 2,78 2330 278 2,78 2,78 278 32T
DCA[C] 438 438 5,00 03T 5,02 5,00 5,00 1385.3 M
2171 M *
Conventional Boiler Double HP Feed Water Heater Train & Single LP Feed Water Heater Train plbar] T[C] M[th] x[]
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2.2 2x1 HClassGTCombinedCyclePlantin GTPRO

GT PRO 29.0 MG Ambient
Gross Power 1665546 kW 1,013P
Net Power 1634199 kW 15T

Aux. & Losses 31346 kW 60% RH

LHV Gross Heat Rate 5616 kJ/kWh
LHV Net Heat Rate 5723 kJ/kWh

10,82 Twb

LHV Gross Electric Eff. 64,11 % 1€8p
LHV Net Electric Eff. 62,9 % 599 T
Fuel LHV Input 2598134 kWth 987.9M
Fuel HHV Input 2882925 kWth {><}
Net Process Heat 0 kWth Stop Valve 531546 KW
Cold Reheat
—_ e 00483 p
Net Eﬁ:(LHV) - 62,9% — A A 32257
o 37.84 p 9 ¥ 12392 M
SpecifiacCQ = 314 kgMWh 05207 x
p g 9441 M
3,382p
2885T
119 M
__ Hot Reheat
1.013p T
84127
7158 M
[
to HRSG
CH4
186,9 M :"0}3 e
Y 2598134 kWth LHV @969 M
LPB HPB d
38p 3712p 1744p
14187 248 T 2544 T
1438 M 1545 M 8751 M
17T 29037 4563 T
1518 T 258 T WL 4T
277 T 2 x User Def GT

12413 M 1134000 kW

p [bar] T[C] M [t/h], Steam Properties: IAPWS-IF97
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Biomass; Wasteto Energy (TFX / STFTM)

BoilerTypes

- GrateFired

- FluidizedBed

- AdiabaticCombustiorChamber(TFX) fouwet biomass
- Biomasg WasteFuellibrary

- Cogeneratiod DH&Cavailable

- AutomaticSteamCycleconfiguration

- AutomaticBoiler &AuxiliariesDesign

- SeveralCoolingSystentypesavailable
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2.3 250 MWSsupercriticalCFBBiomassPlantin STEAM PRO

Plant gross power 250027 Kkw Ambient
Plant net power 227399 kW 1013p
Number of units 1 - ‘s:
Plant net HR (HHV) 10119 kKJ/KWh 10821.“:'““
Plant net HR (LHV) 9297 kJ/KWh Z
Plant net eff (HHV) 35,58 %
Plant net eff (LHV) 38,72 %
Aux. & losses 22628 kw
Fuel heat input (HHV) 2301 GJ/h
Fuel heat input (LHV) 21142 GJ/h
Fuel flow 3239 t/day
T - Tp
815p5716TE38TM 2743 T
§458p3739TEIBTM 5477 M
2472p 5732 T 7437 M
\V / v/ 250027 kW
HPT | [ | 1PT | LPT
3000 RPM
Fumace temp. 0,108 p
8T 48877
. 4316 M
Gas velocity 240p &0p 0.90% ¢
2ok 570T 50T 905
T43TM 8287 M
‘_ g WO T
0,818 M Limestone ; 39
o 7o a
+ 2,859 M Bed drain
28237 2427 20117 18027 1247 85357 HRHX
45737
27125p
23257 i 6D — 5D 4C — 3D — 20 — 1P —
7437TM
O [C] 2.78 278 273-:,‘; 2.78 278 2.78
DCA [C] 458 5,00 3:3'7 Y 5,01 5,00
Circulating Fluidized Bed Boiler ' plbar] T[C] M[th] x[-]
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2.4 20 MWWasteto Energy +District HeatingPlantin THERMOFLEX

TEFXSampleS322

Bit

Gross power

Net power

Met process heat output
CHP efficiency

44444

111111

I

B8
90
k4
I

i
E

19129 kW
16786 kW
63581 kW
83.35%

(G

par|C
v'hl klikg

From district

. heating network

Hi
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SolarThermal(TFX)

- Types
- ParaboliclTrough
- Central Tower Heliostats
- Linear Fresne&lollectors

- Options
- HTF andMolten Saltsdatabase UserDefined
- With or without molten saltsthermal storage
- Directsteamgeneration
- 24 hours/ AnnualYieldcalculation ELINK
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Defocus

2.5 SolailhermalParabolicTrough+ MS Storage(TFX)

Solar Energy Ambient temperature 25 C 50000 kW
0% 156441 kKW Ambient RH 50 %
- ANI 500 Wim*2
DT Solar Field
| OF = 2,a75ba
E E 17,02 p 17,02 p Auerturedeﬂ:::ussd-ﬁ% 12,61 p 12,61 p
3 | 300,17 266,6 T Heat from field = 100 % 3857 3857
. 2897 h 988,6 h % | 160 of 160 flowpaths in use §| 12224h 12224 h
§44.7 m 669,11 m ﬂ = 669,l m $44.7 m .
2 S >
Foic o s [ s F ety K To network
e R : 8 S
, 100,2[378,1 J a
5564|3026 a a
1108 o2
2/ ih i
15.1[378.1 /0 o o e A
3307(3209 g 1273 kW
18,85 |203.3 i ‘? ;:11%3927 1702p DF = 0,1596 bar ééslg
45,15|2705,3 491.8 ' ' 333.7h  [Heat Exchanger Besn
1244m | ua = 7948 kw/C Pamii

LMTD = 3,745 C

DTc=2,514C

. [s] T
103,1 |308,2 =7 P
—~ d - 255 T —
56,19(1390,5 847 h T T~
206,1 m DP = 0,0981 bar -
Level = 46,75 % Level = 53,25 %
G T
2,336 2,472
stP 07"
2] Ba7h 990,1 h
206,1 m 206,1 m
o [42] Vol = 12418 m~3 Vol = 12419 m~3 bar-p
103,2[249.8 kg - h
47 56,19]1084,9 Storage system: charging mode Stored fluid: Nitrate Salt 60% NaNO3 - 40% KNO3 by wt kafs=m
Y

2021 Thermoflow Inc.
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2.6 Solar Tower + MS Storage(TFX)

pziz| F

TEFXSampleS57a

e HP Steam
|"’_\-I Em
37  Hot Rehest ___,.-—-"/ 150084 KW
2638m
40
@ gel106.4 13 15 17
A\\N y /4 " % i 672 - » ™ »
T T
1 ' | % 11
- | 165 e LFT-1 '—“-\_\
IPT-3 X LFT-2
o WEsp . LFT-3
83p 3063T .
L [ I —#H 71037 2184m 114p
2457 m 1230k 199.5T m
ﬂ s |ms1 2 138080 20m 1850 15p
Gross power 150084 KW ER | - 1141.5h 11T 1s7T
o 87.2|8615 456 4741 2M2m 2032 m
Net power 141840 kW C =] aos2  Cokd Reneat p-sp 4 288 e i
i 239m 239m 8877 Tap 100p =
Plant auxiliary 8245 KW 47 nem 71037 54107 363 114p
142220 11.58m 1454m 1407 m 1985T
Y 741 p 13808h byl 1230k 1538 m
18452p G185T 11415k
G45T 449m
285m 4 + - -
- i | H | |
o == 4803p 20 4p 1673 p 9524 p
6161|6315 8127 ERAT TTST STAST
] 18852p 14.48m 1He2m 11,56m 1454m
81557 13087 h 182812k 137980 13192k %730
285m
I
1@ p
4SBET
MB5m

'DO Thermoflow
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SolarThermal+ Storage AnnualYieldcalculationin ELINK

Sampleg(Elink4)Hourly SimulatiorEntire Year.xlsm

| A B E D E F G H 1 Jd | K L M N | O P | Q R | s T
10
"
12 | Start Case 1
13: End Case 0 Compute Cases Prss to Cancel
14 Curmrent Cas 10
15

Daily Hourly
Case Week of Dayof Hour Average Average Haze
16 | Number Year Year of Day Temperatur Temperatur Factor
17 - - - - ‘C c -
12 10 1 1 1] 13 25 014 <- This row of data comes from the Input Data Stack based on the ‘Current Case’, Don't edit this by hand.
5]
201
21| INPUT DATA STACK ) OUTPUT DATA TABLE
Daily Hourly Aperture Steam
Average Average normal Aperture Met heat Steam Delivery Steam
Case Week of Dayof Hour Temperatur Temperatur Haze direct Azimuth Zenith Altitude tracking Oilflowin absorbedby Solarfield  Delivery Temperatur  Delivery Compute
22 Number Year Year of Day e e Factor irradiance angle angle angle angle field il efficiency  Pressure 3 Flow DatesTime
23 - - - - ‘C ‘C - Wim*2 Degrees  Degrees Degrees Deqgrees kats kW b bar [ katls
24 | 1 1 1 1 -19 6.7 0.14 316611298 149,349396 66360437 23639502 489292679 112522284 199832246 58366662 12196629 378792755 176 8136 17:48
25 2 1 1 2 13 6.2 0,14 0 700407633 15069028 -B0E30269 -27813592 0 0 0 12200001 325914734 000 81316 1748
26 | 3 1 1 3 13 5.4 014 0 830701981 13804192  -49,041912 -40,750237 0 0 0 12200001 325914734 000  BHM9NE 1748
27| 4 1 1 4 -13 44 014 0 925584106 12708339 -37,083385 .52,889126 0 0 0 12200001 325914734 000  BN3NE 1748
28| 5 1 1 5 19 <31 014 0 100776154 11519633 -25,196327 6440876 0 0 0 12200001 325914734 000  BM9NE 1748
23] ] 1 1 ] -3 13 0.4 0 108757729 10362126 13621261 75645477 1] 0 0 12200001 325914734 0,00 8MINE 1748
30 7 1 1 7 -3 -0.6 0.4 0 N7150589 9259543 25954826 87083626 0 0 0 12200001 325914734 0,00  8MINE 1748
3 g 1 1 g -13 0.6 0.4 E25349731 126406618 82416489 75835128 805975723 0 0 0 12200001 325914734 0,00  8MINE1T48
32| 9 1 1 £l -3 17 0.14 281897308 137267782 73489937 16510071 664073666 961009674 172096523 56348091 12197488 379754669 1010 813161749
33 10 1 1 10 -13 25 0.14 JIE61298 M9.849396 66360437 23633502 489292673 12622284 199932246 5BIEE562 12196623 37872755 76 81361749
34 1 1 1 1 -13 30 0.14 308 1643 6168 2832 2666 19252 5791 122 37a 132 10830 4301141719
35 12 1 1 12 -13 31 0.14 2931 180 60,04 2996 -B3689E-06 18521 6742 122 3793 1088 10390 4301141719
36 13 1 1 13 -19 3.0 0.14 308 1957 6168 2832 -26,66 19252 57,91 122 3741 132 10830 4301141719
37| L] 1 1 14 -9 25 0,14 3166 21,2 66,36 2364 -43,93 19983 58,36 122 3788 n7e 12,70 443014 1713
38| 15 1 1 15 -13 17 0,14 2813 2227 7349 1851 66,41 17209 56,35 122 etk 101 96,15 413014 17:19
) 16 1 1 & 13 0§ 0,14 68,53 2335 82,42 7584 80,6 0 0 122 3268  8I172E-08 000 41300141719
40 7 1 1 7w -13 08 014 0 2428 928 -2,595 87,08 0 0 122 3269  BIT2E-08 000 41300141719
| 8 1 1 12 19 19 ) 0 2512 1038 1362 75,65 0 0 122 3269  BIT2E-08 000 413014 17:20
42| 19 1 1 19 -3 =31 014 0 259.2 5.2 252 6441 0 0 122 3258  81V2E-08 0,00 430141720
43 20 1 1 20 -13 44 0.4 0 2674 1271 -37.08 5289 ] 0 122 3259  8ITZE-08 0,00 4301417:20
44| 21 1 1 21 -139 -5.4 0.4 0 2769 139 -49,04 40,75 ] 0 122 3259  8IT2E-08 0,00 4301417:20
45 22 1 1 22 -3 -6.2 0.4 0 230 1507 -60.63 2782 0 0 122 3259  8I7T2E-08 0,00 43014 17:20
46 23 1 1 23 -13 -6.7 0.14 0 33 161 -70,98 1414 1] 0 122 3259  8172E-08 0,00 43014 17:20
47 24 1 1 24 -13 -63 0.14 0 2732E-05 166 7604 -6.793E-08 1] 0 122 32539  8172E-08 0,00 43014 17:20
48 25 1 2 1 -13 -6.7 0.14 0 468 160.3 -70,92 -14.15 1] 0 122 3253  8172E-08 0,00 43014 17:20
49 26 1 2 2 -19 -6.2 0.14 0 69,91 1506 -60,64 2754 1] 0 122 3258 8172E-08 0,00 43014 17:20
50| 27 1 2 3 -13 5.4 0,14 0 82,96 139 -43 -40,78 0 0 122 3253 8I72E-08 000 4130014 17:20
51| 28 1 2 4 -9 -44 0,14 0 9247 127 -37.04 -52,93 0 0 122 3259 8IT2E-08 000 4130014 17:20
52| 29 1 2 5 13 32 0,14 0 1007 15,2 -25,15 64,46 0 0 122 3268  8I172E-08 000 413014 17:20
53| 30 1 2 3 -13 -9 014 0 08,7 1038 -13.58 75,7 0 0 122 3269  BIT2E-08 000 413014 17:20
Rl 2 1 2 7 19 ne N1 n (2] q2 R 2 Fdd 2714 n n 122 2WRA__ RITIF.08 A00__ 4014 1720
| ELINK Main | Help+Information | Input+Output Data ‘ ©)

'DO Thermoflow
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2.7 Solar Thermal Fresnel Direct Steam Generatvwath Biomassbackup

bar|C
kgs| kiikg
ey 28912 kW
_-\-\
- '
8 — 10
H »
2 _ 3% - “\\
9T.25p Sup ET.08p o T BT 0B p 7.975p
3085T 4999 T 4959 T 2087TT
2m 2m 2m 2558 m 1549 p -
N 28587 h 1237
. 27m 0,076 p
N 2596,3 h 05T
87.08 p ” 275m
50T 22612 h
2 Om
108,7 p L3 1087 p {40 I
1mMIT miIT
Om Om
™y
J
87,08 p
2258T
Om
1
ECO+EVAP 1084 p
24737 3
40,01 m
§7.25p
W8T
4001 m
A 108.4 p
2298T
30 om
+ Il 1
97,25 p '—E 1084 p 1084p — © 37
W8T W9ET 22987
801 m 28011 m 2m

miT
2Zm
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Geothermal(TFX)

- FlashSteam
- BinaryCycles
- RefrigerantREFPRCHatabase UserDefined
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2.8 GeothermalFlashtype (TFX)

Site Menu: Site altitude 1700 m
Site Menu: Ambient temperature 20C
IGross power 110000 kW
Net power 104719 kW
IGross electric efficiency(LHV) 20,06 %
10,2]180,7
1948[2777.8

] 110000 kW

4]
10,2]180,7
10,04)766 5
]
10,59]182 4
204 TJ2679,2
F
! s L )2
- Injection Well
Production Well
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2.9 GeothermalBinaryORC (TFX)

TFXSampleS616b
Ambient temperature 25C _k::’z.l.f_kg

Gross power 261,1 kW
Gross electric efficiency(LHV) 1564 %
Net power 196,7 kw
Net electric efficiency(LHV) 1,78 %
refrigerant
turbine
General Pump 4] 2611 kw
6,475 kW
20,88]145 20|143.9
2050 e e Total water consumption
12]833z2 ) 0,6452 kg/s
2,246(84,58
7.21

sup
heat rejection to

4| recuperator atmosphere via wet

cooling tower
@: 1,397|32.28
70,32 -

condenser
2.1|44.42 [===]

EVAP 721
21,4965
T =
21,63[38,59 1,776|27.52
ECO o 70.32] Loy
20[117.4

General Punp [3]
21,268|65 -_ 2,1|134,76
721 721

21,36 KW
| General Pump [2]
23,85 kw

Geothermal hot
water provides
heat source

ThermOﬂOW 2021 Thermoflow Inc.




Biogas& GasEnging(GTRGTM / TEX)

- RecipEnginedatabasan GTP / TFX

- RecipeEngineUserDefinedin TFX

- Heatrecoveryoptions

- Trigeneration hot water, steam chilledwater

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



2.10 Biogas& GasEnginet+ HeatRecovery Trigenerationin TFX

Net power 3163 kW
CHP Eff 84,4%

6 1,013[170
S 4>.Exhaust Gas 2334[1549
Chiller
e ﬁl
] 18]

VA 2[7,008

e
ﬁ_,_ 481(29,62
1,034]446.1 CoP 8

E Engine k2224461,
1013|115 . 2 0,0023|463.7 A
518311013 Alrl » > 14 Chilled Water

=]

1
1-,) _ L L r[ 2803,5 kW
— N
) I ; I
S W— ’—@ -Steam
Steam Generator
. 10 > l
1
2|90 _
60,96|377.1 o )
Llj:>lHot Water
1408,1 KW
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SupercriticalCQ Cycles

SupercriticalCQ properties(REFPROP) in TFX
ASU / Oxyfuel Combustion

Steam Cooled Gas Turbine

Cooled Turbine Stage Calculation

A TheAllam cyclas a novelCQ, oxyfuel power cycle that utilizes hydrocarbon fuels while
iInherently capturing approximately 100% of atmospheric emissions, including nearly, all CO
emissions at a cost of electricity.

A Graz Cycles also aero emissiorpower cycle of high efficiency, which uses well
established gas turbine technology. The combustion with almost pure oxygen and the
recycling of the water leads to a working fluid consisting mostly of water and less,.of CO

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



2.11 IntercooledRecuperatedOxyfuelCQ Gas TurbineAllam) Cycle

Thermoflow

ﬁ:\THERMOFLEX Version 29.0 Revision: February 25, 2020 griffin@thermoflow.com Thermoflow, Inc.

Intercooled recuperated oxyfuel CO2 gas turbine cycle (Allam Cycle)

PR~ 10
TIT~1150C / (2100F)

Computed Performance

a2

Air Separation Unit

Oagen

—aetiong
TFEXSampleS525 A, B, C

Gross power 314899 kW

Net power 227783 KW ol

Total auxiliaries and transformer losses 85542 kW 24 TR

Net fuel/energy input(LHV) 615433 KW

Gross electric efficiency(LHV) 51,17 % Coolar
Net electric efficiency(LHV) 37,01%

Shaft power
33830 kw

Shaft power
23344 kW

‘Shaft power
35045 kW

LN VY

Intercooler Intercooler

#““Li B

Flue Gas Treatment & Offtake

Final gas cooler

Q;%E?i

ol
Ry

ﬂ pure CO2

knockout CO2 & H20vap

=

F S

Chargeable turbine cooling flowrate as percent compressor inlet
Total turbine cooling flowrate as percent compressor inlet

Turbine exhaust

21,77%
26,08%

g

314899 kW

1150C

Shaft power
Shatt power Shatt pover Shaft power Shatt power mz: i Shaft power Shaft wkuer
22 kW
55310 kW 57665 kW 60165 kW 61549 KW 59037 kW 569:
Mole percent of N2 of Stream 16 - Outlet of Combustor [17] -> Gas inlet of Cooled Turbine Stage: Open Loop Alowed [18] (Gas/A) 02958 %
Mole percent of O2 of Stream 16 - Outlet of Combustor [17] -> Gas inlet of Cooled Turbine Stage: Open Loop Alowed [18] (Gas/Al) 0%
Mole percent of CO2 of Stream 16 - Outlet of Combustor [17] -> Gas inlet of Cooled Turbine Stage: Open Loop Allowed [18] (Gas/Al) 91,55 %
Mole percent of H20 of Stream 16 - Outlet of Combustor [17] > Gas inlet of Cooled Turbine Stage: Open Loop Allowed [18] (Gas/A) 8,03 %
Mole percent of Ar of Stream 16 - Outlet of Combustor [17] -> Gas inlet of Cooled Turbine Stage: Open Loop Alowed [18] (Gas/Ar) 01268 %

003-02-2020 16:31:24 file= C\TFLOW29\MYFILES\(S5-25A) Intercooled Recuperated Oxyfuel CO2 Gas Turbine (Allam) Cycle.tfx
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2.12 (S89)OxyfueledGrazCycle

bar|C
in@thermoflow.com Thermoflow, Inc. kag/s [kd/kg

ﬁTHERMOFLEX Version 29.0 Revision: March 31, 2020 g

2% 5 F 2
3 Gross power 401466 kW
‘A Separation Urk Total auxiliaries and transformer losses 106251 kW
Net power 293208 kW
Gross electric efficiency(LHV) 59,57 %
Net electric efficiency(LHV) 435%

Oxygen

_ 7

3]
S =D sfns

Steam-Cooled Gas Turbine

& %ﬁi

308088 kW

E1
s 15Ta10s.
[R5 | 40 F—H“ TeieatsT

Combustor exit N2 mole percent 0,848 %
Combustor exit 2 mole percent 0,1622%
Combustor exit CO2 mole percent 11,93 %

N2 mole percent | 0,7564 %
agone] Combustor exit H20 mole percent 86,65 % 02 mole percent | 0,1369.% CO2-rich product stream discharge (30 bar)
e S CO2 mole percent | 10.2 % CO2-rich product stream discharge N2 mole 6,051%
H20 mole percent | 88,59 % CO2-fich product stream discharge 02 mole 1073%
Armole percent 03242% oy CO2-rich product stream discharge CO2 mole 81,58 %
Enrt) CO2-ich product stream discharge H20 mole 8,705 %
<- Recirculation Stream to GT Compressor <- e CO2-rich product stream discharge Ar mole 2503%

33
i"l&}; o

Discharge Siream Processing - Compression, Feal Recovery, Waler Recovery

EJ
ogulizes
is[zreT

)
aailiss

ogsrdTiser
Sois0T

61 | Recovered water to DA

0 04-01-2020 18:07:44 file= C:\Users\grifiDesktop\China Samples\(S5-29) Oxyfueled Graz Cycle.tfx Model
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CQ Capture

- PostcombustionCQ captureA CQ is separated from the flue gases
- Chemicahbbsorptionusingamine-basesolvents(MEA)
- Availablein GTPM, STPM & TFX

- Precombustion CQcaptureA CQ is removed from the fuel before it's burned
- Physical AbsorptiorSglexo)
- Availablein GTPM for IGQ&@ants& TFX

- Oxyfuel combustiomy CQ is removed from combustion products that are mostly,@ad
water vapor
- Air Separation Unit
- Available in TFX

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



Modelling Decarbonization Technologies

AGENDA Thursday, 3 June 2021 :

(1) Welcome& Overview

(2) Demonstration of selected sample files:
u "Traditional RenewableTechnologies

U CG Capture new plant desigrwith CCS ¢addin¢ CCSto an existing plant)

(3) NOVO PRO

U Introduction
i Sample 1: 300MW Hybrid Plant (PV + Wind + Thermal Plant), Grid Simulation

U Sample 250MW OpenrCycle Gas Turbine Replacement Project in Australia

(4) Powerto-Xfeatures
U Hydrogen

U Storages

(5) Questions & Answers (approx. 15min)

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



CQO CaptureOptionsin THERMOFLOW software

- PostcombustionCQ capture A CQ is separated from the flue gases
- Chemicabbsorptionusingamine-basesolvents(MEA)
- Availablein GTPM, STPM & TFX

- Precombustion CQcaptureA CQ is removed from the fuel before it's burned
- Physical AbsorptiorSglexo)
- Availablein GTPM for IGQ@ants& TFX

- Oxyfuel combustiomy CQ is removed from combustion products that are mostly & water vapor
- Alir Separation Unit
- Available in TFX

-&1 ThermOﬂOW © 2021 Thermoflow Inc.




Exampleof CQ capture

- PostcombustionCQ capture in STR Differencesvs aplantwithout CCS
- PostcombustionCQ captureaddedto anexistingCCGPplantA GTRGTMTFX

- IGCC PrecombustiddQ capture in GTA Coal Gasification + CCS

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



2.b.1 PostCombustionCQ capture InNSTEAM PRO

Plant gross power 1000221 kW Ambant Plant gross power 999976 W ‘
Plant net power 57512 W 1013p Plant net power 840938 W 1013
Number of units 1 157 Number of unts. 1 -
Plant net HR (HHV) 8394 KAWR |:ur!2':; Plant net HR (HHV) 11429 AWM e
Plant net HR (LHV) 817 KIAWH Plant net HR (LHV) 11052 kiAWh
Plant net eff (HHV) 28 % Plant net eff (HHV) 35 %
Plant net eff (LHV) 435 % :um :«en(u«vw ::‘v
Aux & losses 4208 W wx. & losses
Fuel heat input (HHV) 8037 Gim Fuel heat input (HHV) Gim
Fuel heat input (LHV) 7772 Gim Fuel heat input (LHV) 15 5182804 Gim
Fuel flow 5795  tday Fuel flow 9 vday
2678 0 821 3T 19743 4 2rmosiiTmou
apdtierieiw 7348381282
14001 4T2Ie0N e $i4p8214T 0 1M
§18403063721855W 184150 BQAYQ‘Z‘V'Y‘;J_QU
T

4500021 T4 00

2PTs

00p
0T
M

[Lad
3027 ;27 13527 18027 12827 BT (XA ar
80 ™ 60 5C H 40 H 30 0 " 0
278 e 27 27 2 27 i amn
B 07 s 5 5 DCA(C] 4= 458 4= an 802 800 500 3
iaed ¢ o EC T . e . 2080 N34

pibar] T(C] MMh] x4 Conventional Boiler Doutie HP Feed Water Heater Tran & Singe LP Fead Water Haater Tran p(oar] TIC] MIYh] x{H

Conventional Boller

Double HP Feed Water Heater Train & Single LP Feed Water Heater Tran

'DO Thermoflow

Gross Power

Net Power

Net Efficiency - LHV
Specific Investment

CO2 emitted

Specific CO2
CO2 captured

no CCS

with CCS

MW

1.000

1.000

MW

960

847

%

44,5

32,8

€ K1 2

1.872

3.372

ton/year

5.872.024

]

702.417

kg/MWh

753

100

%

88%

-11,8%
-11,7
80,1%
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'DO Thermoflow

Net Power (kW)

With CCS

No CCS

Specific Investment (USD/kW)

With CCS

No CCS

2.b.1 PosCombustionCQ capture InSTEAM PRO

50,0
40,0
30,0
20,0
10,0

0,0

60,0
50,0
40,0
30,0
20,0
10,0

0,0

Net Efficiency LHV (%)

With CCS

LCOE (USD/MWHh)

With CCS

No CCS

No CCS

200.000

150.000

100.000

50.000

800,0

600,0

400,0

200,0

0,0

Auxiliary Power kW

With CCS

No CCS

Specific CO2 production (kg/MWHh)

With CCS

No CCS
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2.b.1 PostCombustionCQ capture InNSTEAM PRO

LCOEComparisoras afunction of Fuel Price and G@rice

—e—Coal Price =4/GJ —e—Coal Price=18GJ —e—Coal Price=2/GJ ---With CCS
70

65

LCOEe(MWh)

25

0 5 10 15 20 25 30 35 40 45 50
CQ price €/ton)
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2.b.2 AddingPostCombustionCQ capture to a CCGHlantusingGT PRQ GT MASTERTHERMOFLEX

- Designthe CCGPIlantin GT PRO, without CCS
- Convertthe designto GT MASTER

- Importthe GTM filanto THERMOFLEX

- Addthe CQ Capture in THERMOFLEX

no CCS added CCS
Gross power kw 1.292.359 1.200.587
Net power kw 1.259.463 1.105.221
Total auxiliaries and transformer losses kW 32.896 95.366
Net electric efficiency(LHV) % 61,45 53,91
Net fuel/energy input(LHV) kW 2.049.463 2.050.252
Specific Cost al/ kW 618 1350
LCOE a/ MWh 26,9 36,9
Assumptions
Operating Hours (full load equivalent) 8100 8100
Fuel LHV price al/ GJ 3,0 3,0
CO2 price a/ t on 25 25
Discount Rate % 6 6

'DO Thermoflow

Dif
-7,1%
-12,2%
-7,5

118,4%
10

© 2021 Thermoflow Inc.



2.b.2 AddingPostCombustionCQ capture to a CCGHlantusingGT PRQ GT MASTERTHERMOFLEX
With CCS

No CCS

1659p|(32.78 p 3386 p 1659 p|[32.77p 35p
S99T||S99T 27937 509 T|[see T 28177
204, 1m||2341m 270m 204 m|[233.8 m 1367 m
3566,81 h[|3678.33 h 3026,30 h 3566,84 h||3678.34 h 3031.04 h
foer= LA Power = 319352 kW
by Gen. eff. =98,97 % ) Gen. eff. = 98,89 %
| HPT/ | PT mE LPT1 | LPT1 P PT1 | 1PTY
. Shaft speed = 3000 RPM
2 m— mens 2 casings Shaft speed = 3000 RPM
Auxiary = 863 kW
Ausiiary = 863 kW
37.48p 3.386p 0.0484 p
37317 27787 32317 3747p 35p 0.0298 p
1983 m 2378 m 271.8m 37317 28177 23957
315520 h 302337 h 236652 h 188.2m 2376m 138.5m
92,03 % 3155.19h 3031,04 h 239523 h
93,89 %
82,13 MW 155 MW 179 MW
82,12 MW 153,1 MW 87.7 MW
ST Assembly [1]: Steam Turbine Expansion Path ST Assembly [1]: Steam Turbine Expansion Path
3900
3700
3500
_ 300
E £
5 3 3100
£ £
= = 2000
= 2700
2500
2300
= 210055 ‘.160 — 6" I ?’ClI ‘k'iSJlllEDJl ‘I'
6,0 65 7.0 7.5 80 8.5 " 4 2 - E g "
- " Eropy g ) ! ) Entropy lldike-C)

2021 Thermoflow Inc.
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2.b.3 IGCC witPrecombustionCQ capture in GT PRO

Gross Power = 754428 kW, Net = 621070 kW
LHV Gross Heat Rate = 7455, Net = 9055 kJ/kWh

IGCC System Block Flow Diagram
LHV Gross Electric Eff. = 48,29 %, Net = 39,76 %

- Type 1 Gasifier with Radiant Cooler

HHV Gross Electric Eff. = 46,16 %, Net = 38 %

Steam
417p e I, 417p 4108 p 39,58 p
2121 T 280 T 1804 T 1458 T
897.7 M 7188 M 7131 M 811,1 M
Scrubber o ﬁ;"ﬂ“ - Cooler 1 Ak Cooler 2 : Cooler 3
3 . l 38,15
—— team - A5 p
Hre 151.2 M et 37.78 T
ez 288 T 38,15 p 5532 M
4721 M 90,26 aE T _
Steam 90,26 M
;3?1t 1523 p AGR
(Radiant) 403,7 M FRREEE co2
1012 p 4481 M
439p TE,‘T Acid gas
1270 T 8321 M 1472 M
4721 M Oxygen
5487 p
120 T Discharge
Gasifier 2013 M 6308 M
Slag = =— e 1 +
2201 M yee
3
Slurry
2938 M Stack
1,013
63257 e
Fuel 29842 M 29842 M
Preparation " HRSG e
. ater
Pittsburgh No. 8 20 85 M
25T -
2032 M Syngas 145 p
4876 tonnes / day _3"='=53 P ERE T
o1 Stion
i 8235 T 8123 M
2984.2 M
19,84 p 466043 kW 288385 kW
14421 T
sT
Ambient air
1,013 p GE 9HA.01 s
== {Physical Model #678) 0.0483p
2893.9 M ==L
8323 M

p [bar), T [C]. h [kJ/&g]. M [t’'h]. Steam Properties: IAPWS-IFS7

'DO Thermoflow
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Modelling Decarbonization Technologies

AGENDA Thursday, 3 June 2021

(1) Welcome & Overview

(2) Demonstration of selected sample files:

V "Traditional Renewable Technologies
V CQ Capture gew plant designwith CCS &ddingCC3o an existingplant)

(3)NOVO PRO

V Introduction
V Sample 1: 300MW Hybrid Plant (PV + Wind + Thermal Plant), Grid Simulation
V Sample 250MW OpenrCycle Gas Turbine Replacement Project in Australia

(4) Powerto-Xfeatures

V Hydrogen
V Storage

(5) Questions & Answers (approx. 15min)
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What is NOVO PRO and what role does it play in the Thermoflow package?

Design, (grid) simulation and techveoconomic optimization of Hybrid Systems

3

R
"Thermal World Y "Renewable World
Coal, GTRecips

BiomassWtE X

PV, WindHydra&z X

> Hydrogen (B, <
eFuels

{ 02N} 3SazX
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Hypothetical
Hybrid Plant
Arizona / USA

300MW PV + 300MW Wind
+ Gas Fired Thermal
(Backup) Plant

— ‘r T
I:.___.:I ,|II:|' !
. ' + }!Ir
€ ThermOflow 2021 Thermoflow Inc.




NOVOPROSample 1:

Introductory(get started): Hybrid Plant in Arizona / USA
What canl expectfrom the NOVO PR@ntroduction:

A How much time is needed to setup a néwybrid Project

A Whichinputsare neededto get started?

A Howto setupto site conditions economicaparametersand powerdemand?

A Howto setuprenewablesystems PV Plant and Wind Farm ?

A How to setup dcustomized thermal Power Plant in GT PRO/GT MASTER/
THERMOFLEX amow to import it to NOVO PRO ?

A Howto usethe NOVO PRO Outpuis analyzeand optimize
the Hybrid Plant ?

.&\ Thel’mOﬂOW © 2021 Thermoflow Inc.




L ocation:
Tucsomrea
Arizona, USA

'DO Thermoflow

W
2

52

POPULATED PLACES
1,000,000 and over @ PhoeniX
100,000-499,999 e [em pe
25000-99,999 o Flagstaff
24,999 and less «  Winslow

State capital * PhoeniX

Urban areas

TRANSPORTATION

Interstate; limited access highway —@—

Other principal highway
Railroad

PHYSICAL FEATURES

Streams: perennial; intermittent

Lakes
Highest elevation in state (feety ~ + 72633
Other elevations (feet) +9453

The lowest elevation in Arizona is 70 feet
above sea level (Colorado River).
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0 25 50 75 100
Albers equal area projection
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Power Demand

Scaled Load for Hypothetical Utility

+M G\m-ham
10 2()'-,\

330

max. ~ 300 MW

300

250

8

Utility Load (MW)
=
<)

100

min. ~ 90 MW

50

Dataimport (copy& paste from EXCEfileX

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Hour (0-8760)
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Ambient Conditions Wind ResourceData
& Solar Irradiation

PV Solar Irradiation Datbiom: TMY =Typical YD . +Mi Graham
Meteorological Year . 4 | 10720

Typical Meteorological Year (TMY): is a set of meteorological
data with hourly values in a year for a given location. The data
are selected from hourly data in a longer time period (normally

10 years or more). For each month in the year the data have ] ‘

been selected from the year that was considered most "typical”
for that month.

Available data in Thermoflow:
A US NREL TMY3 Data
A Environment Canada CWEC Data
A EnergyPlus US/DOE

Gooqgle Earth PV

Wind ResourceDatafrom: built-in ERA%latabase

ERAS / European Copernicus Project I www.Copernicus.eu
provides hourly estimates of a large number of atmospheric, land and
oceanic climate data.

Gooqgle Earth Wind

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



https://earth.google.com/web/search/wind+farm+arizona/@32.22934717,-110.24285435,1289.0366491a,67208.00105332d,35y,0h,0t,0r/data=CigiJgokCTjbTDWjfkVAEQmk7pk-Ij5AGcRg7bD4RFjAIccS42nOtmDAMicKJQojCiExWFUxN21KSThENFZHQTJpRTh5X0lHTy1pZzZ6VEkxOHg
http://www.copernicus.eu/
https://earth.google.com/web/search/pv+plant+arizona/@32.03332916,-110.9576267,799.51300505a,1707.77094892d,35y,360h,21.33324661t,0r/data=CigiJgokCbQ9sar2y0BAEbG27b7nwEBAGXnHINPz8FvAIR3mYiFe_lvAMicKJQojCiExWFUxN21KSThENFZHQTJpRTh5X0lHTy1pZzZ6VEkxOHg

Economidnputs

Demand Power Price: 60 USD / MWh
Surplus Power Price: 0 USD / MWh
Import Power Price:  no powerimport
Gas Fuel Price: 3USD/GJ

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



Scenarios

(1) Large FClass GTCC, 3pRHL.-1 Config, Wet Cooling Tower
(2) Reciprocatingsas Engines (opearycle, approx 1020 units

(3) Scenario (1) + 300MW PV
(4) Scenario (2) + 300MW PV

(5) Scenario (1) + 300MW PV + 300MW Wind
(6) Scenario (2) + 300MW PV + 300MW Wind

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



New MANReciprocatingsas Engin&pecifications

CourteS)Of MANI MAN Energy Solutions

Future in the making

35/44G & 7,368 — 12,800 KW .,
Single staged/ M >51,3 %*ecn
two-staged 4 NG, biogas, H, < 20%, MN60-100

51/60G & 18,900 — 20,700 kW,
Single staged/ M > 51,8 %* ccn
two-staged & NG, biogas, H, < 20%, MN60-100

*Reference according 1SO 3046-1 & IS0 15550, 5% tol

GT PRO / GT MASTdaabase

1D

M anufacturer & Model

MAN Energy Solutions - Combustion Engines

734
33
732
731
73k
735
fav
734

MAN 12¥35/44G TS - 60Hz [*)

MAN 12vV35/44G TS - 50Hz [*)

MAN 20vV35/44G - G0Hz [*)

MAN 20V35/446G - 50Hz [*)

MAN 20¥35/44G TS - 60Hz [*)

MAN 20¥35/44G TS - 50Hz [*7)

MAN 18¥51/60G High Efficiency [*7]
MAN 18¥51/60G TS High Efficiency [*7]

'DO Thermoflow

2021 Thermoflow Inc.



New MANReciprocatingsas Engin&pecifications

Engine Selection Filker

Smallest puwer kw'  Largest power| 20000 |k

"5':'“ ¥ Show50Hz engines W Show 60 Hz engines

i Manufacturer 7 Smallest to largest power  © Largest o smallest power

[v Show gas engines [ Show Diesel engines

NOVO PRO and THERMOFH=#2abase

ID Model Fuel Aspiration Mode RPM Freq. Power Texh Exh. flow Elec. Eff.
Hz kW C t/h %
44g MAN 20V35/ 440G G T4 c 750 50 10420 302 64,76 46,4
447 MAN 20V35/ 440G G T4 c T20 &0 10027 302 2,32 46,4
448 MAN 18VES1/60G G T4 c 500 50 18e54 327 109,31 47,4
449 MAN 18VS1/60G G T4 c 514 &0 18e54 327 109,31 47,4
451 MAN 12V35/44GC TS5 & T4 c 750 50 7534 289 43,00 47,9
452 MAN 12V35/44GC TS5 & T4 c T20 &0 T228 289 41,30 47,9
453 MAN Z0V3S5/44GC TS5 G T4 c 750 50 12582 2889 71,70 48,0
454 MAN Z0V3S5/44GC TS5 G T4 c 720 &0 12071 289 &8,80 48,0
457 MAN 18VS1/60G TS G T4 c 500 50 18e54 304 112,50 48,3
458 MAN 18VS1/60G TS G T4 c 514 &0 18e54 304 112,50 48,3
48l MAN €LS1/6CDF G T4 c 500 50 6180 334 37,890 46,3
482 MAN €LS1/60DF G T4 c 514 &0 6180 334 37,890 46,3
485 MAN €LS1/60DF G T4 c 500 50 6180 364 37,60 45,3
486 MAN €LS1/60DF G T4 c 514 &0 6180 364 37,60 45,3
489 MAN €LS1/60DF G T4 c 500 50 6769 324 47,10 44,6
470 MAN €LS1/60DF G T4 c 514 &0 6769 324 47,10 44,6
473 MAN 12VS1l/60DF G T4 c 500 50 12411 334 75,80 47,2
474 MAN 12VE51l/60DF G T4 c 514 &0 12411 334 75,80 47,2
477 MAN 12VS1l/60DF G T4 c 500 50 12411 364 75,30 45,8
478 MAN 12VS51l/60DF G T4 c 514 &0 12411 364 75,30 45,8
481 MAN 12VS51/60DF G T4 c 500 50 13553 315 94,30 45,0
482 MAN 12VS1/60DF G T4 c 514 &0 13553 315 94,30 45,0
485 MAN 18VS1/60DF G T4 c 500 50 18e54 334 113,70 47,3
486 MAN 18VS1/60DF G T4 c 514 &0 18e54 334 113,70 47,3
489 MAN 18VS1/60DF G T4 c 500 50 18e54 364 112,90 45,9
490 MAN 18VS1/60DF G T4 c 514 &0 18e54 364 112,90 45,9
497 MAN 18VS1/60DFTS G T4 c 500 50 18e54 315 11&,50 48,8
498 MAN 18VS1/60DFTS G T4 c 514 &0 18e54 315 11&,50 48,8

'&1 ThermOﬂOW © 2021 Thermoflow Inc.



Summary NOVO PRO Outputs

Nominal Thermal only Thermal + 300MW PV Thermal + 300MW PV
+ 300MW Wind

GTCC Recips GTCC Recips GTCC Recips GTCC Recips
Gross Power [MW] 374 317.11¢
Net Power [MW] 364 307.64<
Net El. Eff. [%6] 59,17 45,97 /\ K\
Capacity Factor [%] 41,0C 46,9¢ 27,43 31,4t 22,2t 25,02
Overall LHV Eff. [%] 49,0¢ 45,5¢ 45,44 45,1 43,6¢ 4487
Fuel Consumptiol[GJ] 9.373.85. 10.011.26( 6.766.29¢ 6.765.18( 5.709.40¢ 5.409.71:
CQ production t/year 513.841 550.08¢ 370.90¢ 371.72¢ 312.96¢ 297.24¢
Total Ownefs
Costs [USD] 300.000.00C 220000.00C 300.000.00C 220.000.00C 656.00000C 576000.00C 1.162.00000C 1.081.000.00C

Capacity Factodescribes the relative power output for the power plant compared to a theoretical output where the plant operates at rgtetl ou
for the same number of hours.

-&1 ThermOﬂOW © 2021 Thermoflow Inc.



Summary NOVO PRO Outputs

Overall LHV Eff. [%0]

61
60

59

58

57

56 ]

55 \ Conclusion

S

E gg An increasing percentage of renewables is forcing existing power plants

T & to operate at operating points (far) away from the nominal point, _

3 and forcing new power plants to be highly flexible. -- 17XRecipOpen Cycle

g 47

©ut NOVO PRO helps developers and operators to master this challengg. GTCC f1-1) FClass, 3pRH

44
43
42
41
40

Scenario 1, 2, 3,4

1: Nominal / Design Point Performance

2: Thermal Power Plaanly

3: Thermal Power Plant + 300MW PV

4: Thermal Power Plant + 300MW PV + 300MW Wind
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Modelling Decarbonization Technologies

AGENDA Thursday, 3 June 2021

(1) Welcome & Overview

(2) Demonstration of selected sample files:

V "Traditional Renewable Technologies
V CQ Capture gew plant designwith CCS &ddingCC3o an existingplant)

(3)NOVO PRO

V Introduction

V Sample 1: 300MW Hybrid Plant (PV + Wind + Thermal Plant), Grid Simulation
V Sample 250MW OpenCycle Gas Turbine Replacement Project in Australia

(4) Powerto-Xfeatures

V Hydrogen
V Storage

(5) Questions & Answers (approx. 15min)
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.DO

50MW OCGT Plant Replacement

oy
Hybrid Renewables with Storage

(NOVO PR6&w Simulation)




Introduction

A remote mining location (NSW, Australia) with an existing grid connection is to have its existing 50MW OQG P Baelplaed
by an installation combining Wind and Solar PV with storage. The resulting configuration is intended to be the main gawtr sup
the community with the grid connection acting as back up.

Two configurations of the hybrid plant are considered, differing only in the energy storage technology:
-hLXWiA2Y MY poa2 {2fFNE |jdeé aE£50200 MVIRL,SHQMMNENCHESE O { A f
-Option2poa2 {2t NE ljideé Geéeé¢ ¢ AY RG620bMURI0WSEBESS (Lifo@tgpoe)li 2 v

NOVO PR@ used to analyse the proposed configurations and to identify any potential issues arising.

GSNI 2y ¢
GAYR TFI
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Introduction- Satellite Image of Location

.
Mundiilfookouts

1- Silverton wind farm (58x GE 3180), 325141°E
T I 2- 53MW solampv plant
e 3-50MW OCGT plant

Pro Hart %

5OTNG. VR
o S
s Broken’hi

NEH o 14
N LV

NP M Y
7800 o

s N ";./‘<
% X
g Broken'Hill

AR AT Airporit
879 i Sk
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Introduction-Existing Configuration

(snapshot of performance for Sept2@3d)

HE Hpa?2 D¢Q& Ay 2LSy
cycle configuration

250km long 220KkV line

(100% of demand met from Grid)

Active power supply line

s === Back up power supply line
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Introduction- Option 1

(snapshot of performance for Sept2@3)

250km long 220kV line

/

150200 MW/1,550 MWh
compressed air energy
storage (CAES) facility

Active power supply line \

53MW solar PV _ \
=== w==  Back up power supply line
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Introduction- Option 2

(snapshot of performance for Sept2@3)

250km long 220kV line

\ i
\ )
N
N '
\
62.5 MW/250 MWh battery S \
\
. \
A A N
AN A \
A = Active power supply line \
53MW solar PV \

=== w==  Back up power supply line
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Method & Data Sources

GT PR@ used to establish the 50MW OCGT fuel demand model for subsequentNi®&/® PRO.

Demand power, demand power price and site data are determined.

NOVO PR@s used to model the existing case plus Options 1 & 2 including optimisation of the wind turbine count for each optior

NOVO PROutputs are used to determine the economic viability of the proposed configurations

References

Energy storage systems: Capital costs, maintenance costs etc:
https://www.energy.qov/sites/prod/files/2019/07/165/Storage%20Cost%20and%20Performance%20Characterization%20Report_

al.pdf

Energy prices & demand data (NSW, Austrati&)s://aemo.com.au/Energagystems/Electricity/NationaElectricityMarket-
NEM/DataNEM/DataDashboareNEM

BOM website (Broken Hill meteorological data):
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p _nccObsCode=122&p _display type=dailyDataFile&p startYear=2020&p
442734627&p_stn_num=047048

-&1 ThermOﬂOW © 2021 Thermoflow Inc.


https://www.energy.gov/sites/prod/files/2019/07/f65/Storage Cost and Performance Characterization Report_Final.pdf
https://aemo.com.au/Energy-systems/Electricity/National-Electricity-Market-NEM/Data-NEM/Data-Dashboard-NEM
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2020&p_c=-442734627&p_stn_num=047048

Results2 AYR GdzZNBDAYS O2dzytd 2LXGAYA&lF A2y F2N) /! 9{ &

Solar PV plant size and storage capacity are a given.

Varying the WT count for the configuration suggests that there exists an optimum wind turbine count which will ensure that th
CAES system activity is maximised. Put simply:

-too few wind turbines means that the CAES will never charge to capacity.
-an excess of wind turbines means that the CAES will charge to full capacity, but will seldom discharge.

Conclude that 14 wind turbines is the optimum.

Wind Turbine Count Optimisation - CAES Note that for wind turbine counts of 10 & 1ROVO

90 PRO\aadzSa | ROAaz2NE YSaal 3s
fg aeaidagsSy vYire 0S 20SNBRAT SR¢
60
aESD
40
30
20 ———
10 ——
0
10 12 14 16 18 20

Wind turbine count

= Surplus Power % === |mported Power% CAES % active
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Results2 AYR GdzNDBAYS O2dzyd 2LIGAYAAFGA2Y F2NJ . 9{{

The same logic is applied to the BESS based configuration.

Wind Turbine Count Optimisation- BESS Conclude that 1412 wind turbines is the optimum.

60

50

—_—
40 '*—-.\_
= 30
20 —
10
0
6 8 10 12 14 16

Wind turbine count

s SUrplus Power % === |mported Power% === Battery % active

-&1 ThermOﬂOW © 2021 Thermoflow Inc.




Resultxg Imported Power (Deficit MW Box Plot)

MW Deficit (P95, average, P5)
35

30

25

20

MW

15

10 |

CAES BESS OCGT
Configuration

Conclude that even an optimised hybrid system still has associated with it a large deficit power spread
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Results; Implications for 220kV grid connection (Surplus power)

Option 1 (CAES) Option 2 (BESS)

| ‘l II|.iIIII ﬂ;H, | | ‘”H H “

1 | | | | | I | II
I I1I Il I — III\ |
- 40.9 -39.26
| 3754 ’ [ | | | | | | I 359
| ETREI I | | I I | “272
| 3o g - Il
273 " ;0 | I

o 11-

E

= 10- -
9 4
o | 2389 a | | 29
7 - - 4 -19.63
6 - 16.36
5 - | 13.09
4 9.816
. ] 6.544
2 4
1 - | | 3.212
0- Jan : Feb ! Mar : Apr ' May ' Jun ' Jul ' Aug ' Sep ' t ' Nov ' Dec ' ' Dec ' 0 (Gray)

(Gray)

[MwW]

O
a

Larger storage capacity of the CAES means less surplus power to gric
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Results; CO Emissions, Plant Cost & NPV

CO, Emissions Cost & NPV
250,000 800
600
200,000

400

o
150,000 S 200

2 s
= 2 o

100,000 OCaT ionl qionz
-200
50,000 -400
[
0

OCGT Option 1 Option2 B NPV M Cost

CQ emissions associated with Option 1 & 2 since majority of NSW grid is fossil fuelled
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Findings & Conclusion

Option 1 is more expensive than Option 2 and consequently offers inferior financial performance. Both options have inferior
performance relative to the existing OCGT in terms of expected import power requirement (up to 33MW for Options 1 & 2,
practically zero MW for the OCGT plant). The advantage of Option 1 and Option 2 over the existing OCGT entissi®is
(theoretically zero for Options 1 & 2, up to 23700@rffior the OCGT). Retaining the OCGT plant may be justified in light of the
fluctuating import power requirement and the absence of a scheme in Australia to monetise the avoigenhiSslons
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Appendixg Option 3

(no storage, OCGT retained, WT curtailment)

This option is considered since no carbon trading scheme exists at the present time in Australia, hence demonstraticedC@du
emissions at Broken Hill has potentially the same merit of zere@3sions.

The method is similar to that used for the simulation of Options 1 & 2, except in this case wind turbine power curtailment is
employed to limit the power that would otherwise need to be exported to the grid.
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(7
Q

Opton3¢poa2 az2fl Ntz b vi IYeE 2AYR ¢dz

120 160
140
100
120
20
100
® 60 30 *-;-’: = \\/T capacity factor
60 s Curtailed power (as % of demand)
40
e C02 emissions (kt/yr)
40
20
20
0 0
4 6 8 12 16 32 41

Wind Turbine Count

Conclude that around 16 wind turbines will provide a reasonable reduction pe@(3sions for the overall plant while ensuring that
the wind turbine capacity factor remains at around 18%. There is no point having mordXthaimdturbines in the plant since
curtailed energy will be greater than the demand energy beyond this point.
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Results; CO Emissions, Plant Cost & NPV

CO, Emissions Cost & NPV
250,000 800
600
200,000

400

o
150,000 S 200

2 s
= 2 o

-200

50,000 -400
-
0

OCGT Option 1 Option2 Option3 B NPV M Cost

100,000 OCaT Iionl !ionz Option3

Option 3 may be a reasonable compromise in terms ge@3sions and project cost/NPV
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Option 3¢ Implications for Existing OCGT in terms of plant starts

NOVO PRO predictsvery dynamic demand for the OCGT plant in terms of the plant stéutsher investigation would be required
to determine the suitability of the existing thermal plant for the anticipated duty.

Starts Thermal Power
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Modelling Decarbonization Technologies

AGENDA Thursday, 3 June 2021

(1) Welcome& Overview

(2) Demonstration of selected sample files:
U "Traditional"Renewable Technologies

U CQ Capture few plant desigrwith CCS &ddingCCS3o an existingplant)

(3) NOVO PRO

U Introduction
i Sample 1: 300MW Hybrid Plant (PV + Wind + Thermal Plant), Grid Simulation
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(4) Powerto-Xfeatures
U Hydrogen
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(5) Questions & Answers (approx. 15min)
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Hydrogenoptionsin Thermoflow software

- SteamMethaneReformingavailablein THERMOFLEX
- Sample
- Optionto add CarbonCapture

- Electrolyzemavailablein TFX / NVP
- PredefinedElectrolyzemodels& UserDefined
- DeoxoDryerto increasethe purity of H,
- Storage andCompression
- DesalinatiorPlantcoupledin TFX

- Use ofHydrogenflexibilityin THERMOFLEX
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Examplesdydrogen

SteamMethaneReformenn THERMOFLEX

StandAloneElectrolyzein NVP
- Annualyieldor demandset in NVP
- LevelizedCostof Hydrogen(LCOH) asfanction of Electricity Price
- Storage /Compression

PV +Electrolyzein NVP
- SamesizeA samecapacityfactor
- DifferentsizeA Optimizationbasedon Electrictyand H, prices

Power to X
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4.1 SteamMethane Reformingin THERMOFLEX

Swrearn number's in fis table maich those in Figure 21 of e nelerence report. ( See "Descripiion” page for details)

psia| F
kpph| BTU/
|
lo] o= J3003 :
T 3 la_so 5 -I__‘ - LN.n_r.iGs
[ e [REZ]
Swsam.Fue mae Faciaon
I 5 ‘IF 7 . i — 7
o 1 ' ..{E I
14
3
S ;
—F—3{\owme %
Product stresm Sowre se L A~ I.J]
by SMR I]. 4 18 - :| ———f—
S 1 T
D : -E
]
LHV Hydragen Praduction EScency High Temp Shilt
e @D
¥
10
12
B B
Hyckagn Pradct ] =] :
Pressure Swing Adsorber
T
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4.2 Hydrogenfrom Electrolysian NOVO PR(5tandalong

- PlantsOnlyMode

- AddElectrolyzerselecta predefinedmodelor UserDefined

- IncludeDeoxaDryer/ Storage /Compression

- Schedule, set thourlydemandas a % of theated production

- EconomicsElectricity PricelydrogenPrice, CAPEX, OPEXanciabssumptions

A Calculateghe LevelizedCostof HydrogenLCOH) asfainction of Electricityprice
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4.2 Hydrogenfrom Electrolysian NOVO PR(5tandalong

Net Electricity Revenue: -7.982 k USD Export: 0 MWh
H2 Revenue: 8.718 kUSD Annual Overview Import: 159.638 MWh

02 Revenue: 0 kUSD H2 Production: 2.906 tonne
Total Fuel Expense: 0 kUSD 02 Production: 23.297 tonne

2.906 tonne (H2)
348.936 GJ (LHV)
2 enefa)

Revenues - Fuel Expense: 7365 kUSD

H2 Production [1 units]

Renewables [0 units] Apparent Production Rate 18,2 kg/MWh Thermal [0 units]

Import
159.638 MWh
7.982 kUSD

159.638 MWh

Export
0 MWh

Plants Only Mode
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4.2 Hydrogenfrom Electrolysisn NOVO PR(5tandalong

02 outlet
1,15p
30T

H20: 2,11 %, 57,34 kghr
02: 97,89 %, 2659,5 kd/hr

Electrolyzer Plant Flow Diagram

(One Unit)

271Tm Electrolyzer package boundary (Electrolyzer #3: Siemens Silyzer 300C35)
2718,9 kg/hr :'""""""""""""""""""""""""""""""""""""_:333,7 kag/hr

Water inlet
3p

15T
62,94h

4,728m ;

Total pure H2 delivered = 331,7 kg/hr

HHV Owverall Efficiency = 72.48 %
LHV Overall Efficiency = 61,32 %
Total plant heat rejection = 4927 kW

Water

Treatment

Blowdown
1,477Tm

Total plant power consumption = 18224 kW

325m —
Electrolysis

Stack

Power consumption: 18123 kW

35p

1H20: 3,587 kg/hc
1H2: 3351 kg/hr | pegxo
“| Dryer

100,5 kW
Pres. drop: 1 bar
H2 loss: 3,351 kg/hr
H20 knockout: 3,597 kg/hr

.................................................... T

| Water knockout
v 0,1949m

plbar] TIC] mith] hikikg] QW)

'DO Thermoflow

2021 Thermoflow Inc.



4.2 Hydrogenfrom Electrolysisn NOVO PR(5tandalong

NPV (€)

-15.000.000

NPV vs Hydrogen Price (Electricity Price = 30 €/MWh)

Hydrogen Price (€/kg)

LCOHRtalculation(Electrolyzerd 00 %CapacityFactor)

4,5

4,0

35

3,0

1,5

1,0

0,5

0,0

LCOH vs Electricity Price

10 20 30 40 50 60 70
Electricity Price (€/Mwh)
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