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What is Supercritical CO2? 
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Tcritical (ᵒC/ᵒF) Pcritical (MPa/kPSI)
31.0  /  87.9 7.4 / 1.1

Span and Wagner (1996)
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Brayton Cycle Heat Exchangers
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Cycle Type Compressors Turbines Recuperators Coolers IHXs
Simple Recuperative 1 1 1 1 1
Pre-Compression 2 1 2 1 1
Partial Cooling
w/Improved Regen.

3 1 3 1 1

Cascaded Reheat 1 2 2 1 1
Recompression 1 1 2 1 1

• Cycle layout variations can improve efficiency
• Can increase complexity and budget
• Size and capital cost of recuperative heat exchangers

Angelino (1969)
Dostal et al. (2004)
Wright et al. (2010)
Conboy et al.(2012)
Iverson et al. (2013)
Ahn et al. (2015)
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Printed-Circuit Heat Exchangers
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Stack Platelets
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Diffusion Bonding Fabrication Technology

What:
• Highly reliable, solid-state welding process
• No interface filler material needed

How:
• Controlled environment furnace promotes grain growth
• Dynamic, time-dependent load applied 

Outcome:
• Achieved parent material strength
• ‘Welds’ all interfaces while preserving geometry
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Agenda

1. Introduction

2. Power Cycle Layouts

3. Modeling Approach and Methodology

4. Recuperative Heat Exchanger Cost Variables

5. Results and Discussion 

6. Conclusions and Future Work
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Simple Recuperative Brayton Cycle
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• Simple layout

• Single recuperator

• Latent heat energy sources 
or heat flux sources
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Recompression Brayton Cycle
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• Compression through two 
stages of compressors

• HTR and LTR heat recovery 
by splitting vastly different Cp

• Nuclear or solar thermal 
based heat flux sources
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Cascaded Reheat Brayton Cycle
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• Expansion through two 
stages of turbines

• Attempts to utilize all heat 
source energy 

• Fossil fuel or waste heat
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Summary of Cycle Conditions and Assumptions
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Variable Simple Recomp. Casc. Reheat 
Power Output (MWth) 50 MWth

Turbine Power Percentage (%) 100% Split & Varied

Thermal Efficiency (%) Calc., 45%

sCO2Flow Rate (kg-s-1) Calculated 

Turbine Inlet Temperature (oC) 650 oC

Compressor Inlet Temperature (oC) 35 oC

Compressor Outlet Pressure (MPa) 25 MPa

Compressor Ratio (-) 3.0

• Engineering Equation Solver (EES) platform V.10.295-3D (Klein 2017)
• EOS for CO2 as developed by Span and Wagner (1996)
• Negligible: ∆𝑃𝑃, PE, KE
• Isentropic efficiency = 100% (ideal) 
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Methodology
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𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 100 ×
∑ �̇�𝑊𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − ∑ �̇�𝑊𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�̇�𝑄𝐼𝐼𝐼𝐼𝐼𝐼

�̇�𝑊𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = �̇�𝑚 × (ℎi − ℎo)

�̇�𝑊𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = �̇�𝑚 × (ℎo − ℎi)

�̇�𝑄𝐼𝐼𝐼𝐼𝐼𝐼 = �̇�𝑚 × (ℎo − ℎi)

𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑

= �̇�𝑄𝐶𝐶𝐶𝐶 − �̇�𝑊𝐶𝐶𝐶𝐶 +∑�̇�𝑚 ℎ𝑖𝑖 + 𝐶𝐶𝑖𝑖
2

2
+ 𝑔𝑔𝑔𝑔𝑖𝑖 −∑ �̇�𝑚 ℎ𝑜𝑜 + 𝐶𝐶𝑜𝑜2

2
+ 𝑔𝑔𝑔𝑔𝑜𝑜



Business Confidential

Methodology Cont’d
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�̇�𝑄𝑇𝑇𝑑𝑑𝐶𝐶,ℎ = �̇�𝑚 × (ℎ𝑖𝑖 − ℎ𝑜𝑜)
�̇�𝑄𝑇𝑇𝑑𝑑𝐶𝐶,𝑐𝑐 = �̇�𝑚 × (ℎ𝑜𝑜 − ℎ𝑖𝑖)
�̇�𝑄𝑇𝑇𝑑𝑑𝐶𝐶,ℎ = �̇�𝑄𝑇𝑇𝑑𝑑𝐶𝐶,𝑐𝑐

�̇�𝑄𝑇𝑇𝑑𝑑𝐶𝐶 = 𝑈𝑈𝑈𝑈𝑇𝑇𝑑𝑑𝐶𝐶 × 𝐿𝐿𝐿𝐿𝐿𝐿𝐷𝐷

𝜀𝜀 =
�̇�𝑄𝑎𝑎𝑐𝑐𝑑𝑑𝑎𝑎𝑎𝑎𝑐𝑐

�̇�𝑄𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚
=
ℎℎ,𝑚𝑚 − ℎℎ,𝑜𝑜

ℎℎ,𝑚𝑚 − ℎ𝑐𝑐,𝑚𝑚
∗

�̇�𝑄𝑇𝑇𝑑𝑑𝐶𝐶 = 𝑈𝑈𝑈𝑈𝑇𝑇𝑑𝑑𝐶𝐶 ×
𝐿𝐿ℎ,𝑜𝑜 − 𝐿𝐿𝑐𝑐,𝑚𝑚 − 𝐿𝐿ℎ,𝑚𝑚 − 𝐿𝐿𝑐𝑐,𝑜𝑜

l n
𝐿𝐿ℎ,𝑜𝑜 − 𝐿𝐿𝑐𝑐,𝑚𝑚
𝐿𝐿ℎ,𝑚𝑚 − 𝐿𝐿𝑐𝑐,𝑜𝑜

Th,o

Tc,i Tc,o

Th,i

Recuperator

ℎ𝑐𝑐,𝑚𝑚
∗ = f(Tc,i, Ph)

Sharma et al. (2017)
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Heat Exchanger Capital Cost Variables

15
�̇�𝑄𝑇𝑇𝑑𝑑𝐶𝐶 = 𝑈𝑈𝑈𝑈𝑇𝑇𝑑𝑑𝐶𝐶 × 𝐿𝐿𝐿𝐿𝐿𝐿𝐷𝐷

Thermal Duty, �̇�𝑄𝑇𝑇𝑑𝑑𝐶𝐶

Pressure Drop, ∆𝑃𝑃

Flow Configuration

Inlet Temperature, 𝐿𝐿𝑚𝑚,𝑐𝑐

Close-Approach, ∆𝐿𝐿 LMTD
UA requirement

ASME Div. I, Sec. VIII
ASME Div. II

UA requirement
∆𝑃𝑃

UA requirement

∆𝑃𝑃 = 𝐿𝐿𝐿𝐿 𝜌𝜌
2

𝐶𝐶
𝐷𝐷𝐼𝐼

+∑𝐾𝐾𝑚𝑚𝑖𝑖𝑚𝑚𝑜𝑜𝑚𝑚

Process Conditions, 𝐿𝐿,𝑃𝑃

CAPITAL 
COST
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Recuperative Heat Exchanger Capital Cost 
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$1.49 – $2.21/UA for HTR
$1.19 – $1.77/UA for LTR

NOTE: cost metrics are a function of a limited range of process conditions and 
should not be universally applied to all heat exchangers 
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Results and Discussion
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�̇�𝑊𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 �̇�𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠 TTURB,i TCOMP,i Split-Flow RCOMP

50 MWth 278.1 kg-s-1 650 oC 35 oC 0.50 (-) 3.0 (-)
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Results and Discussion Cont’d
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TTURB,i TCOMP,i RCOMP

50 MWth 650 oC 35 oC 3.0 (-) 10 K
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Results and Discussion Cont’d
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TTURB,i TCOMP,i RCOMP

50 MWth 650 oC 35 oC 3.0 (-) 10 K



Business Confidential

Results and Discussion Cont’d
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TTURB,i TCOMP,i RCOMP

50 MWth 650 oC 35 oC 3.0 (-) 10 K
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Results and Discussion Cont’d
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TTURB,i TCOMP,i RCOMP

50 MWth 45 (%) 650 oC 35 oC 3.0 (-) 10 K
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Parameter Recompression Cascaded Reheat Recomp. vs. Cascade 
IHX Duty (MW) 60.9 MW 97.5 MW +60% 
Comp. Work (MW); MC, RC -2.4 MW, -20.2 MW -6.1 MW -73% 
Turb. Work (MW); HT, LT 50 MW 21.4 MW, 28.6 MW  0% 
X (-) 0.6558 0.5148 -21.5% 
Mass Flow (kg-s-1) 278.1 kg-s-1 245.7 kg-s-1 -11.7% 
    
HTR Duty (MW) 45.4 MW 44.4 MW -2.2% 
HTR UA (kW-K-1) 3,235 kW-K-1 1,099 kW-K-1 -66% 
HTR Effectiveness (%) 93.4% 90.2% -3.4% 
HTR LMTD (K) 14.0 K 40.4 K +186% 
HTR Cost Ratio (-) 1.00 0.34 -66% 
LTR Duty (MW) 41.7 MW 16.8 MW -59.7% 
LTR UA (kW-K-1) 799 kW-K-1 734 kW-K-1 -8.1% 
LTR Effectiveness (%) 44% 68% +54.5% 
LTR LMTD (K) 52.2 K 23.0 K -56% 
LTR Cost Ratio (-) 1.00 0.92 -8.1% 

 

Results and Discussion Cont’d
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TTURB,i TCOMP,i RCOMP

50 MWth 45 (%) 650 oC 35 oC 3.0 (-) 10 K
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Conclusions 

• Thermodynamic analysis of recuperative heat exchangers
• Simple recuperative
• Recompression
• Cascaded reheat

• Variation of approach temperature shows limitation of cascaded 
reheat cycle

• Split flow magnitude show interesting difference in UA requirements 
between cycles

• Single cost metric will not provide accurate heat exchanger cost
• Too many variables
• Case-by-case basis 

24
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Future Work 

• Discretize recuperative heat exchanger

• Evaluate different cycle parameter sets between cycle

• Complete full heat exchanger cost analysis 
• PCHE layout design
• Mechanical design
• Optimization of core blocks
• Large vs. small furnace diffusion bonding

25



Business Confidential

References

Ahn, Y. et al., 2015. Review of Supercritical CO2 Power Cycle Technology and Current Status of Research and 
Development. Nucl. Eng. Technol., 47(6), pp.647–661. 

Angelino G., Real Gas Effects in Carbon Dioxide Cycles, ASME Paper No. 69-GT- 103, (1969).

Conboy, T. et al., 2012. Performance Characteristics of an Operating Supercritical CO2 Brayton Cycle. J. Eng. 
Gas Turb. Power, 134(11), pp.1–12.

Dostal, V., Driscoll, M.J., Hejzlar, P., 2004. A Supercritical Carbon Dioxide Cycle for Next Generation Nuclear 
Reactors, Advanced Nuclear Power Technology Program, MIT-ANP-TR-100, pp. 1-307. 

Iverson, B.D. et al., 2013. Supercritical CO2 Brayton Cycles for Solar-Thermal Energy. Appl. Energ., 111, pp.957–
970.

Klein, S.A., 2017. F-Chart Software: EES, V.10.295-3D.

Sharma, O.P., Kaushik, S.C., Manjunath, K., 2017. Thermodynamic Analysis and Optimization of a Supercritical 
CO2 Regenerative Recompression Brayton Cycle Coupled with a Marine Gas Turbine for Shipboard Waste Heat 
Recovery. Therm. Sci. Eng. Prog., 3(1), pp. 62-74.

Span, R. & Wagner, W., 1996. A New Equation of State for Carbon Dioxide Covering the Fluid Region from the 
Triple-Point Temperature of 1100 K at Pressure up to 800 MPa. J. Phys Chem. Ref. Data, 25(6), pp.1

Wright, S.A. et al., 2010. Operation and Analysis of a Supercritical CO 2 Brayton Cycle, Albuquerque, NM and 
Livermore, CA. 509–1596. 

26



Business Confidential

Questions?
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