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Status Update
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2. History & learnings getting to Mechanical Completion
3. 2024 activities

a. Overall commissioning progress to date

b. Test Results

c. Outlook to complete SC commissioning
4. Future Plan
5.Summary
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Why is it Important? sCO, Power Cycles Offer: SwRI

SOUTHWEST RESEARCH INSTITUTE
Efficient, Compact, Scalable, low water, low-carbon power generation

- Smaller “footprint” and lower construction costs sCO2 has o i?tir tef’;")‘?"e”_cl; t?f” Stea”; Rankine cycle
.. . at high turbine inlet temperatures

* Net plant efficiency improvement 55 7 J P

« Reduction in LCOE (Levelized Cost of Electricity $/kWhr) 50 4 _——

/

* Reduced fuel and water usage

g5 1
« Reduced emissions P /
535 _— R ankine
2 i /
&} 7 —
Improve Reduce costs, Compact: Quick response Zero emissions  Versatile technology 25 -
power plant emissions, small size time configurations with many i
efficiency water use turbomachinery applications 20—t
250 350 450 550 650 750
Turbine Inlet Temperature (°C) Source: NETL
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Waste Heat Recovery Concentrated Solar Energy Storage Geothermal

Fossil Fuel & Biomass Nuclear
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sCO, Cycles — Supports the Energy Transition

Potential USA Impact by 2050

Industrial Heat Pumps

10% of Industrial Heat
138 GW,, 970,000 GWh,, /yr
25-6 MM tpa COZ Waste Heat Recove

Energy Storage Geothermal

SwhRI

SOUTHWEST RESEARCH INSTITUTE

Fossil Fuel & Biomass Nuclear

\_
Small WHR Electro-Thermal Energy Storage
25% of SCGT Installed Base 25% of Total Storage
9.3GW, 10,700 GWh_/yr 40.9 GW, 89,500 GWh_/yr
4 MM tpa P 33.6 MM tpa CO, ,
Concentrated Solar - N\

5% of Total Solar
14 GW, 98,500 GWh,/yr
\ 37.0 MM tpa CO,

P
et/, t
Nel‘.. 2,

Next Gen Nuclear
10% of Total Nuclear

8 GWe 62,500 GWh,/yr

23.5 MM tpa CO,

J

OxyFuel with CCS

10% of NG fueled generation
% = Assumed market penetration
GW, or GW,;, = installed capacity 13.3 GWe 93’100 GWhe/yr
GWh, /yr or GWh,,/yr = energy delivered 35 MM tpa C02
MM tpa = million tonnes CO, per annum reduced \ Ad G th |
Primary data source: eia annual energy outlook v Geotherma
@" 2024 10% of Geothermal

\

8.5 GW, 60,000 GWh_/yr
22.5 MM tpa CO,

2 STER @) B DO SwRI (%)
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Total Potential

181.2 MM tpa CO,

~12% of Current Electric

Power Emissions
4



Supercritical Transformational Electric SwRI
Power (STEP) Demo Project SOUTHWEST RESEARCH INSTITUTE

« $158.6 million project to design, construct,
commission, and operate a 10 MWe sCO,

demonstration power plant
* Objectives:
 Advance sCO, power from TRL3 to TRL7
« Demonstrate pathway to net plant efficiency > 50%

« Demonstrate control and operability at 500°C and
>700°C turbine inlet temperature with 10 MWe

power generation

* Project Partners: www.STEPdemo.us
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STEP Project Interest from around the world SOLITHWEST RESEARCH INSTIUTE
NP « G * A -
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ENERGY DAILY

the power of eArth and beyond

Energie
Une turbine a CO2 de la taille d’'une table peut
alimenter 10 000 foyers

STEP Demo Plant
Ushers in Next Era of
Power Generation
With sCO2
Technology

Rmnovablh it?

IL QUOTIDIANO SULLA SOSTENIBILITA' AMBIENTALE
DIRETT LO A high tech supercritical corbon dioxide power plant is taking shape behind the walls of a mode
building in Texas, with the potential to lower the cost of concentrating solar power systems.

0 EnergyPortal.eu

ama

ENERGIA ~AMBIENTE ~ECONOMIA CIRCOLARE - GREEN ECONOMY ~MOBILITA ~GREENBUILE
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e g ncematnages - s corsers o @ =JA TiNy Superecritical Carbon Dioxide
A —— Turbine Can Power 10,000 Homes

Turbina a CO2 supercritica,

inaugurato il maxi impianto pilota
Zelosos por Buenas

Renovables

jEnergia sostenible ahora!

[ sw carzooria ] xo0 | xom J o o xw |

Taglio del nastro in Texas per l'impianto dimostrativo
Supercritical Transformational Electric Power da 10 MW. € L) Report [—]—
Hamilton (SwRI): “Cambiera il modo in cui pensiamo alla e -

produzione di energia”

STEP Demo project achieves 2L
$155M demonstration plant at mecharﬂcaj‘ S, :a revlom'c I‘:jn ?j?’la'd d
ecnologia de adioxiao ae
Southwest Research aims to SAN ANTONIO eas e ! carbono supercritico (sCO2)
revolutionize energy industry BUSINESS JOURNAL [ |
$155M facility could change power landscape S e
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Home News BuyersGuide Features Events Jobs Video Advertise WithUs CompanyA-Z White Pap

STEP forward for Brayton high efficiency
demo

7 November 2023
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(Editor’s Note: This story origi hed on Moy 2).

The non-profit research organization Gas Technology
(KEFCO)

GTI Energy and its partners, Southwest Researcl,
Institute (SwRI) and GE Vernova, have marked w
they believe is a significant leap forward in energ?
technology advancement with the opening of thei

= 1 Supercritical Transformational Electric Power (ST
- Demo test facility in San Antonio, Texas. Funded \W), STEP NAHONAL g
L P> the US Department of Energy and industry partne = IECHNDLOGV
= = the STEP Demo facility is said to be a first-of-a-ki ((((\\ DEMO 1A'°W°“ GTI ENERGY
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500, technology development and commercialization.



STEP Project Milestones Swil

SOUTHWEST RESEARCH INSTITUTE
BP1 BP2 BP3

P
L Bl

2024 - Sept 2025-26
Simple Cycle RCBC

o

»
>

2016 - Oct 2018 — Oct 2019 - Jan 2020 - May 2023 - Oct 2023 - Dec 2024 - Jan

Project Ground- Facility Building Mechanical 1%t Turbine 15t Closed-
Start breaking design Completed Completion Spin Loop Test
complete

Testing to be Testing to be
completed completed

T

‘ Mechanical Completion & Start'o
- Commiissioning — Oct 2023

Compressor Commissioning

¥

TyLrbine Tes

e

- Certificate of Occupancy — May 20: = ‘ 3 i
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STEP Demo Objectives — Technology Maturation @l
N ota b I o Ac h ieve ments SOUTHWEST RESEARCH INSTITUTE

IS ¥ |

High temperature

recuperator (HTR)

«  World's largest high
temperature printed
circuit heat exchanger
(PCHE)

sCO2 turbine

« At ~1/10 the size of an equivalent
steam turbine, is one of the
world'’s highest power density for
a terrestrial turbine

« 20,000 horsepower produced by

* 50 MWth and ~50 tons 180 Ib rotor (111 HP/Ib)

(~45,300 kg)

Heater

«  World's largest high
temperature Inconel
heater tube bundle

Turbine stop valve

«  World's largest
high temperature
Haynes 282

* 93 MWth casting

« 9,250 Ibs (4196 kg)
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ST E P TeSt Fa Ci I ity 2 02 4 SOUTHWEST RESEARCH INSTITUTE

Now built, is being commissioned, and will complete BP2 intermediate temperature testing in 2024

sCO, Inventory Storage

Test Facility sCO, Heater Cooling Water Towers

\\))), STEP e . AAAAAAAA .
s DEMO GTI ENERGY GE VERNOVA 9



STEP Turbine SwiI

STEP Turbine

Cross-Section

16 MWe gross
T;r 715°C, 250 bar sCO,
Three stage gas path

Monolithic Nimonic 105 rotor

Enhanced thermal gradient region

Increased performance inlet/exit volutes

Builds on successful SunShot 1 MWe
demonstration [700°C]

Design basis from successful SunShot © EepMmof 3-stage Monolithic
1 MW, pilot [715°C, 27,000 rpm] Turbine Stator Turbine Rotor
(S ! I}

2V STEP @) e D) @,
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STEP Turbine DeSign Conditions SOUTHWEST RESEARCH INSTITUTE

Inlet Flow

3,626 psi at 1,319°F (250 bar at 715°C) _ Bearing Splined
227.4 Ibm/s (103.2 kg/s) Co?nppl)lrgzc;or . ThSeer;r:al Balance Piston  Turbine Stages Thrust Bearing Gearbox
Single Inlet — 5" Grayloc™ Flange Coupling , _ / Coupling
Velocity — 210.8 ft/s (Mach #: 0.12) ’

Exit Flow

1,307 psi at 1,086°F (90 bar at 586°C)
223.9 Ibm/s (101.7 kg/s)

Single Exit — 6. Grayloc™ Flange
Velocity - 298.6 ft/s (Mach #: 0.20)

Rotor

Design Speed: 26,640 rpm A Y ) _ TPy
Max Continuous: 28,350 rpm = ] = i M
16 MW (13 MW Generator and 3 MW Compressor) -

Case

Two design conditions

Inlet: 4,130 psi at 1330°F (285 bar at 721°C)
Exit: 2,600 psi at 1150°F (179 bar at 621°C)

Life
Creep Rupture: 100,000 hr. (with IN740H case)

Embrittlement: 2000 hr. (with IN625 case as built>600C)
Low Cycle Fatigue: 11,000 cycles

2LSTER @ N OO SwiI )
e oavo @ Voeses Sﬁ,\ENERGY GE VERNOVA 11
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ROtO r M a n U fa Ct U ri n g SOUTHWEST RESEARCH INSTITUTE

* Nimonic 105 heat treated forging

« Airfoil shapes cut using a 5-axis electrode
discharge machining (EDM)

« Different shops used for rotor final
machining, grind, spline cutting, and

i) |
balance . M

{
T i
W™ I i
Y :
i+

* Spline test piece made and trial fit

A STEP
@S DEMO
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TU I‘bl ne Asse m b |y SOUTHWEST RESEARCH INSTITUTE
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SwhRI

FU”y Assembled STEPrbLDeSkld ‘ - - SOUTHWEST RESEARCH INSTITUTE
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LT Turbine Stop and Control Valve SOUTHWEST RESEARCH INSTITUTE

» Low Temperature [LT] valve rated for 550°C
2 valves in one

 Control valve for speed and load control

« Stop valve for ESD

* Both with 200 ms closure time to prevent
overspeed due to sudden loss of load

\V)) STEP e . NNNNNNNN @, .
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STEP Compression System

* Main Compressor electric motor driven

 Bypass Compressor directly driven by STEP
sCO2 turbine

« Smallest BHGE radial impeller of class

» Compact Integral Guide Vanes (IGV) with large
angle variation

« Wide testing operating range
» Baker Hughes OEM

* Received Dec 2020, Installed Sept 2022, Main

compressor commissioning Nov'22— Feb'24
e Accumulated 130 total starts, 250 hours of rotation

Design basis from industrial CO2 compressors and DOE Apollo

Al

Inlet Guide Vanes (IGV) IGV flow modeling

A/E NNNNNNNN
';\\éDEMue. C\ @'. GE VERNOVA 16
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SOUTHWEST RESEARCH INSTITUTE

Commissioning Tests - August Update

| B

Test ID Description Turbine speed, TiT Completion Date
T-1 Warm-up 0 rpm, cold flow | Completed in December
T-2 Loop Fill & Warm-up 0 rpm, cold flow | Week of 12/18/2023
T-3 ESD and overspeed trip check 5k rpm, cold flow
T-4 Fill to supercritical state O rpm, cold flow | Week of 1/8/2024 and
T-5 Seal break-in, trim balance 12k rpm, cold flow | 2/8/2024 operation.

. Cold vents have been
T-6 Cold limited speed hold 12k rpm, cold flow tuned and are ready for
T-7 Heater light-off (Limited speed turbine 12k rpm, 200C higher temperature
operation) operation.
T-8 Warm speed ramp to 18k RPM 18k rpm, 200C
T-9 Temperature ramp to 400C 18k rpm, 400C Completed 9/11

2V STEP @) e DO SwRI (%)
7 oevo @ (Yises %ENERGY GE VERNOVA 17



SOUTHWEST RESEARCH INSTITUTE

Commissioning Tests - August Update

» Simple Cycle Min - Full speed 26,620 rpm at 500 °C TiT and 3.6 MW turbine power achieved to date

Test ID Description Turbine speed, TiT Completion Date
T-10 400C Speed Ramp to 18kRPM 18k rpm, 400C Completed 9/11
T-11 Full Speed No Load (FSNL) 26.6k rpm, 400C | Completed 9/11
T-12 Generator Connection and Initial 26.6k rpom, 400C | Completed 9/12
Loading
T-13 Initial Load Ramp 26.6k rpm, 400C Completed 9/13
T-14 Generator Synchronization 26.6k rpm, 400C | Early / Mid October
T-15 Simple Cycle Min 26.6k rpm, 500C Completed 9/13
T-16 Simple Cycle Max 26.6k rpm, 500C Early / Mid October
T-17 Loaded Trip 26.6k rpm, 500C Completed 9/13

*Tested at 280C 5155 @ M OO, SwRI @ o vernova N



SwhRI

Turbine First Full Speed Test with Power Generation
SOUTHWEST RESEARCH INSTITUTE

e Turbine inlet temperature of 280°C and speed of 27
krpm achieved in May 2024
 Low vibrations and critical speed response

« Speed and temperature control operational

* First power produced

18000

Turbine T, P, rpm
BB T e Temperstre —aTubine B T —e—TutineSped Generator output

AW STEP N=|anonat %
N TECHNOLOGY
LABORA
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SwhRI

Simple Cycle Turbine Temperature Trend O AR TR
September 2024 Testing
0 kW 150 kW 3600 kW

__ Turbine Inlet Temp

— Turbine Exit Temp
500C —

Turbine Speed

25k

20k

l

12:00 00:00 12:00 00:00 12:00 00:00
Sep 12, 2024 Sep 13, 2024 Sep 14, 2024

Gross Turbine Power = 3.6 MW

. Net Power Plant Output = 1.9 MWe
24515 @ [ OO, SwRI @ o vernovs P ,



SOUTHWEST RESEARCH INSTITUTE

Turbine Train Vibration Trend

System 1 - Turbine - Summary ® —_ 2 x
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SOUTHWEST RESEARCH INSTITUTE

P-H Diagram of Power Cycle for Simple Min

1: Pressure vs. Enthalpy plot: carbon dioxide

300- _l ¥} B 1 T Ty gt L.

275. 5 H

250. i

225. [ s
. 200. E é A - Maln Compressor Inlet
= El H ﬁiu"'}"émmmﬂ
2 175.F -H D - Heater inlst
2 o F H | F- rurbine outer
= BT -+ G- LT Recup LP inlet
@ E . H - MC Cooler infet
@ 125. -+
o | .

100. e

75.0 |

50.0 - :

250 -4 H

Ojjooz;rfﬁ ||l L1 | | 111 11 |41

Enthalpy (kJ/kg)
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SOUTHWEST RESEARCH INSTITUTE

STEP Stop/Control Valve

« Supplier — GE Vernova (US)

« Haynes 282 material for 715°C
- leveraged development under DOE AUSC program

* Advanced seals leveraging GE/Baker Hughes O&G capability

» Self-contained actuators leveraging GE/Baker Hughes O&G
experience

Valve design similar to conventional steam

BNk,
——— = ladle #3

valves with sCO, specific differences
addressed with analysis and testing

" Pouring Cup T e

Three ladlespour of main valve bod

’_33\)))4 STEP e IN=|raronat \/f) @, @
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BP3 [RCBC Configuration] SOUTHWEST RESEARCH INSTITUTE

| Existing piping Reconfiguration to

I W 740H RCBC includes
ﬁw H N~ . installation of piping,

LTR, cooler, and filter

I = L | | |
! | - . -
| - == = _ N
| ‘ o I/ ’/-: i%w . H
: u ] l, = \ S =
I i Ry e m TN —
me ol L e
| . ]
7 g
T
I E‘m] I (= _qﬁ r
L %i . §- 3] { N X .
J . y
A ool
P \\ \ N \
s 2 7 [ . \ || ! \ -
Soremn il USRS = alalelell By-pass Cooler
N\ / - < _ _ _ .
) T = Filter for By-pass compressor
I
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S u m m a ry a n d o u t I OO k SOUTHWEST RESEARCH INSTITUTE

« sCO2 power cycles are versatile to heat source and application and
provide performance AND cost benefits over steam cycles

* Technology maturation by the STEP Pilot Demo project provides path
to future commercial systems with higher efficiency and lower
emissions

« STEP facility is now built and operating
—Achieved Simple-Min Conditions (500°C and 3.6 MW turbine power)

* STEP (Simple Cycle - 500°C — BP2) test operations are completing 2024

* STEP (RCBC - 715°C - BP3) Planned for 2025-26

A, STEP e IN=|raronat \/f) @, @
@S DEMO :i%s"ksrksav Sﬁ,\EN ERGS GE VERNOVA
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SOUTHWEST RESEARCH INSTITUTE

Gratefully Acknowledge the Support from
U.S. DOE and Project Partners

—|NATIONAL e .
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Power for Thai Happiness
Company  soonotess eneeor-

.(S pECTRUM Disclaimer

IMPACT This presentation was prepared by GTl as an account of work sponsored by an agency of the United
States Government. Neither GTI, the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views

WWW ST E Pd e m O . U S and opinions of authors herein do not necessarily state or reflect those of the United States

Government or any agency thereof.
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