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sCO2 Power Cycles
Heat Sources and Configurations
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sCO2 power cycle heat sources [Hofer, 2024; Wilkes, 2024]

Many possible heat sources with 
various temperatures…indirect 
and direct cycle configurations 

with many different arrangements

sCO2 power cycle heat sources [Hofer, 2024; Wilkes, 2024]



sCO2 Power Cycles
Heat Sources and Configurations
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Schematics of (a) indirect and (b) direct cycles 
[Li, 2023]

Schematics and T-s diagrams of different sCO2 power cycle arrangements
(a) simple recuperated (b) recuperated with reheat (c) recompression (d) transcritical 

[White, 2021]

Many possible heat sources with various 
temperatures…indirect and direct cycle 

configurations with many different arrangements



Materials for sCO2 – Challenges 
• Materials performance/degradation/availability 

often cited as technical challenges/barriers to 
commercialization

– Materials with adequate mechanical properties 
available

• Comply with codes and standards (still evolving)

– Compatibility and long-term performance in 
sCO2?

• Operating temperature limits lowered due to 
oxidation/corrosion/carburization

• Corrosion allowance required
• Efficiency-economic trade-offs, allowance on early 

learning

– Raw materials
• High costs and long lead times
• Low supply chain maturity

– Manufacturing
• Difficulties with large Ni-base castings and forgings

– Fabrication
• Welding, machining, etc.
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sCO2 Brayton cycle technology 
overlaps that of steam and gas 
turbines, but they are unique 
systems for which material 

selection is especially critical



Materials for sCO2 – Selection 
• Challenging operating conditions

– Design to safely operate at high 
temperatures, pressures, densities

– Requires specialized materials

• Selection of materials dictated by
– Mechanical and thermal properties
– Compatibility with high temperature 

and pressure environment
– Raw material and fabrication cost, 

availability
– Long-term behaviour
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Schematics of (a) indirect and (b) direct cycles 
[Li, 2023]

Operating Conditions in Indirect- and Direct-cycle 
sCO2 Power Systems [Holcomb, 2016]



Materials for sCO2 – Selection 
• Key step in design process
• Poor choices?

– Failures, increased costs

• Best material?
– Properties to provide service performance
– Processing into finished components

• Selection process
– Translate service and environmental conditions 

into required material properties
– Screen materials by comparing required 

properties with databases
– Rank candidate materials
– Research candidate materials further
– Apply cultural constraints
– Select candidate material(s) by analyzing trade-

offs, value analysis, cost-benefit, etc.
– Develop design data if required (testing, pilots)
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[Bhat, 2018]



Materials for sCO2 – Options 
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Materials are available…but there are knowledge 
gaps…and efforts are required to complete the picture



Materials for sCO2 – Options 
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[Xu, 2023]

Materials are available…but there are knowledge 
gaps…and efforts are required to complete the picture



DOE-funded AUSC Materials Research

• Higher efficiency for new and existing fossil fuel plants
– +25% HHV efficiency improvement over average U.S. power plants
– 760°C/1400°F steam conditions drives need for nickel-based superalloys

• Minimizing risk for utilities to build A-USC power plants
– Close technology gaps leading to commercial scale demonstration
– Development of fabrication, welding, corrosion/materials database, … 

• Validation of technology applicable to multiple fossil, nuclear, sCO2, renewable power generation options
– Focus on development of U.S. supply chain that can produce boiler and turbine components out of AUSC materials
– Industry partnership under DOE demonstrating supplier readiness for fabricating 760°C/1400°F-capable components

• ASME code case approval for two new alloys:
– Inconel ® 740H, CC-2702 (2012)
– Haynes ® 282, CC-3024 (2021)

• Fabrication demonstrations:
– Welding: DMWs, thick section, overlay
– Forming: bending, extruding, swaging 
– Casting: flowability, modeling
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AUSC Achievements in Materials 
Research and Fabrication
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AUSC Developments Enable 
Advanced Power Cycles

• AUSC materials technology 
transferrable applications

– High temperature fossil cycles (+ 
oxy-combustion)

– Advanced concentrated solar thermal
– Gen IV nuclear (VHTR and A-USC 

steam)
– sCO2 power cycles

• AUSC full-scale manufacturing 
technology and supply chain 
development lead to crosscutting 
benefits from advanced materials 
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Success achieved from pre-competitive, collaborative 
nature of AUSC consortium



Reference Case – 10 MWe STEP Facility

• DOE project to design, construct, 
commission and operate demo plant

• Objectives
– Advance sCO2 power cycle technology
– Demonstrate pathway to >50% efficiency
– Demonstrate operability at >700 °C TIT 

with 10 MWe power generation
– Provide adaptable component and cycle 

development platform
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STEP: RCBC configuration 
[Stevenson, 2024]

STEP: Simple cycle configuration 



Materials Selection – Components 
• Piping/heat exchangers/valves

– ASME B&PV Code, Piping Codes, 
Material Standards

– Code approved materials, allowable 
stresses

– Compatibility – corrosion allowance

• Turbines/compressors/shafts
– More flexibility, many materials
– OEM designs
– Compatibility

• Other components
– Seals
– Bearings
– Electrical components
– Etc.
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Turbine stop valve [Stevenson, 2024]
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Piping Layout (P91 and IN740H)



Materials Selection – Components 
• Piping/heat exchangers/valves

– ASME B&PV Code, Piping Codes, 
Material Standards

– Code approved materials, allowable 
stresses

– Compatibility – corrosion allowance

• Turbines/compressors/shafts
– More flexibility, many materials
– OEM designs
– Compatibility

• Other components
– Seals
– Bearings
– Electrical components
– Etc.

The International Supercritical CO2 Energy Technologies Symposium ● March 2 – 5, 2026 ● Pittsburgh, PA, USA 14

PCHE high temperature recuperator [Stevenson, 2024]

IN740H heater [Stevenson, 2024]

Micrograph of PCHE section [Southall, 2008]



Materials Selection – Components 
• Piping/heat exchangers/valves

– ASME B&PV Code, Piping Codes, 
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– Code approved materials, allowable 
stresses
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sCO2 compressor rotor and assembly [Cich, 2020]

sCO2 compressor skid [Stevenson, 2024]

S
T

E
P

 B
yp

a
s
s
 C

o
m

p
re

s
s
o
r 

R
o
to

r 
(M

o
n
o
lit

h
ic

)



Materials Selection – Components 
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STEP turbine [Stevenson, 2024]
STEP Turbine [Moore, 2024]
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STEP Turbine with Materials [Klaerner, 2023]



STEP Materials – Summary (Lessons Learned)

• Compressors
– “Commercial” technology

• Turbines
– Several generations of learning
– Materials and fabrication OK, scalable
– As-built from IN625 case with limited life
– Production model from IN740H/H282 with 

100,000-hour life

• Heater
– Issues, learning
– IN740H

• High temperature recuperator
– Accommodation of differential expansion 
– SS316

• Piping
– Low temperature – P91 – high TRL
– High temperature – IN740H – lower TRL

• Welding, general handling, inspection 
challenging, but OK

• Material supply chain less than mature

• Valves and fittings
– Low temperature – high TRL
– High temperature – IN740H and H282 –

lower TRL
• H282 TSV body casing challenging 

(alternate from SS316 for initial operations)
• IN740H elbows – challenging wrought 

processing
• IN740/H282 Grayloc hubs/clamps required
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Materials for sCO2 – Selection 

• Selection of materials dictated by

– Mechanical and thermal properties

– Compatibility with high temperature and 
pressure environment

– Raw material and fabrication cost, availability

– Long-term behaviour
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Strength/Creep/Cost
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Strength/Creep/Cost
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Relative material cost as a function of temperature for an 
allowable stress of 49 MPa [Masuyama, 2001]

Higher Allowable Stress for 740H and H282 = Thinner Pipe Walls = Less Material



sCO2 Corrosion – Fundamentals 
CO2 Corrosion at Elevated 

Temperatures
– Oxidation

xM + yCO2 = MxOy + yCO
xM + (y/2)CO2 = MxOy + (y/2)C

• Oxygen partial pressure high 
enough to induce oxidation

• Formation of oxide layer

– Carburization
2CO2 2CO + O2

2CO2 CO2 + C
• Penetration of C through the oxide 

layer
• Reaction with metallic elements
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[Li, 2023]

[Oleksak, 2020][Liang, 2025]

[Zhang, 2025]



sCO2 Corrosion Testing – Weight Gain
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General Weight Gain Trends
FM > austenitic > nickel-base

Fe-Cr (<12% Cr) > Fe-Cr-Ni 
(>16% Cr) > Ni-Cr-X (>16% Cr)

Mass gains for sCO2 and 
steam are approx. similar…the 

scale morphologies in sCO2

would be like those in steam



sCO2 Corrosion Testing – Weight Gain
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General Weight Gain Trends
FM > austenitic > nickel-base

Fe-Cr (<12% Cr) > Fe-Cr-Ni (>16% Cr) > Ni-Cr-X (>16% Cr)

Mass gains for sCO2 and steam are approx. 
similar…the scale morphologies in sCO2 would 

be like those in steam
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sCO2 Corrosion Testing – Scales

T91 9Cr F-M steel

• Duplex oxide layer
– Outer: magnetite, Fe3O4

– Inner: spinel, Fe3-xCrxO4

• Internal oxidation also

• Extrapolation to 20 years
– Corrosion layer thickness = 500 μm

12Cr Martensitic steel

• Two successive layers, no breakaway corrosion
– Outer: Fe oxide, Fe3O4

– Inner: Fe+Cr oxide, Fe(Fe1-x,Crx)2O4

• Thin internal oxide zone (IOZ) between base metal 
and inner layer

• Carburizing observed near surface in base metal
– Factor in breakaway corrosion, degradation of ductility
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sCO2 Corrosion Testing – Scales
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Corrosion Scales – Schematics for Various Alloy Systems

[Li, 2023]

(a) FM steel (b) AFA (c) austenitic steel (d) nickel-base alloy [Yang, 2022]
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sCO2 Corrosion Testing – Factors

Temperature

Most important factor – increasing temperature leads to increasing 

corrosion

Parabolic growth breaks down, scale becomes non-protective, 

breakaway corrosion

However, are there any “surprises” at low temperatures?

Very high temperatures?

Coatings, very high temperature materials, cooling schemes

Pressure
No “real” consensus

As pressure increases, oxidation and carburization 

increase?

Some results show increased weight gain

Going from 0.1 to 20 MPa has minimal effect

Some results show more protective scale

Infiltration of C becomes easier – more carburization?
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sCO2 Corrosion Testing – Factors

Impurities
Indirect cycles: ppm levels

Direct cycles: % levels

Corrosion behaviour expected to change as 

thermodynamics and kinetics change

Various results

Alloying
Cr – determines corrosion resistance of alloys – chromia stable oxide, good 

protection

High Cr favours Cr2O3

Low Cr fails to form continuous scale – less protective, prone to internal corrosion

Ni – Ni-base alloys show better carburization resistance than steels

Facilitates stable chromia layer

Higher solubility of carbides – higher tolerance to C

Al – improves corrosion resistance by forming protective alumina layer

Higher stability, lower oxidation kinetics, higher resistance to C
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decreasing corrosion resistance

[Pint, 2019]



sCO2 Corrosion Testing – Factors
Other Factors…

• Availability/manufacturability/fabricability
• Actual components and material forms
• Operational conditions

– Temperature, stress, flow

• Long-term testing
– Corrosion life
– Mechanical property degradation
– Combined effects of thermal fatigue, creep-fatigue, corrosion interactions

• Coatings
• Non-metallics
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Materials Selection – Strength and Corrosion
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Where are the temperature cut-off for different materials when 
corrosion is considered? [Pint, 2022]

[Pint, 2024]



Materials Selection – Strength and Corrosion

The International Supercritical CO2 Energy Technologies Symposium ● March 2 – 5, 2026 ● Pittsburgh, PA, USA 30

[Li, 2023]?

[Liang, 2025]

Recommended maximum use temperatures of different alloys for sCO2 power cycles 
[Liang, 2025]



Materials for sCO2 – Results (Summary)

Mechanical Properties
Existing ASME code (and other) alloys OK

Strength increases:

Ferritic – austenitic – Ni-base

Temperature capability may be limited/reduced by compatibility 

(corrosion/carburization)

Compatibility
Extensive data are useful (more required?)

Materials for AUSC, gas turbines +/- OK for sCO2 applications

Corrosion resistance increases:

Ferritic – austenitic – Ni-base

Long-term Behaviour
Many factors affect materials degradation and mechanical property 

changes

Longer-term testing, results, and experience required under

Real operating conditions

Actual component shapes and forms

Lessons Learned/to be Learned
• Previous loops

– Sandia National Laboratories
• Piping, erosion

– Naval Nuclear Laboratory
• Erosion 

– Others?

• NET Power La Porte Test Facility
– Open-cycle process demonstrator

• STEP
– Materials availability, processing, fabrication

– Compatibility with service environment

– Operation under “real” conditions – flow, stress, etc.

– Failures – failures modes, analysis
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Pathways to Commercialization
• Significant running hours required

– Confirm component designs, generate operational experience and data

• Materials and manufacturing (high temperature)
– Material and component manufacturing supply chain development required

• Reliable, better availability, lower cost, faster delivery required
• May come with more demand/market “pull”

• Long-term properties
– Any surprises with corrosion/carburization, possibly even at lower 

temperatures?
– Degradation of material properties?
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Overall Summary
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Questions?
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Thank you for your attention!

Henry Saari

henry.saari@carleton.ca


