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Introduction

Goal: Provide A System Performance and Economic Analysis of Four Waste Heat Recovery
sCO2 power system
Four WHR sCO2 power systems:
— Simple Recuperated Brayton Cycle (SRBC)
— Cascaded Cycle : Patented & WHR
— Dual Recuperated Cycle: Patented & WHR
— Preheating Cycle: Public & WHR
Assumptions
— Gas Turbine, M2500 extending EPRI Study by Kimzey
— sCO2 Bottoming Cycle Power Systems
— Economic, Component Costs and Operating Conditions
Comparison of System Performance
— Focus: on Maximizing Annual Revenue = Electric Power Produced
— Answers these questions:
- Does It make economic sense to use HX’s of High Effectiveness?
- How do the publically available cycles compare to the commercially patented cycles?
Economic Summary
— (System Costs, Annual Revenue, LCOE, Rates of Return)
Conclusions
— All WHR have Higher Revenue, Lower LCOE, Produce Substantially Greater Elect Power
* But at greater cost
— As a group the WHR Perform Similarly in terms of Electrical Power and Economics

— Recuperators with High Effectiveness are Generally Favored

.
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Gas Turbine Assumptions

Mass Flow Rate Gas Turbine
Temp of Gas Turbine Exhaust
Efficiency (at Gen Terminals at 15 C ambient)

Thermal Combustion Power (@ 10146 kW/ BTU/hr)
Thermal Exhaust (Waste Heat) Power kW (@ 15 C)

LM2500PE
Gas Turbine
68.8 kg/s
822.1 K c1
(538 C)
40.7 MW,

CG2

To Stack

Generator

Turbine

SRBC

Turbine

68.8 kg/s
822.1K
35.5%

Main Cpmp

le
N ' |r
IM\

63,131 kW,
40,731 kW,

Compressor

SCOZ[Chiller

']
Recuperator

Y K.
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sCO2 Power Cycle Assumptions

sCO2 Assumptions Value
Turbine Isentropic Efficiency 85%
Compressor Isentropic Efficiency 82%
Losses Shaft to Electrical (Bearings, Gears, Generator, etc.) 7%
Water Inlet Temp 292.2K=19C
Compressor Inlet Pressure 7700 kPa
Compressor Inlet Temp 3054 K
Compressor Pressure Ratio 3.12
Operating Conditions Varied to Optimize Net Annual Revenue

Variables were: Turbine Inlet T + All Heat Exchanger -
Approach Temperatures, Split Flow Fraction and Compressor

Mass Flow Rate

Gas .
Turbine io=
I b Pratio=3.12 305.4 K , 7700 kPa
CGl 1
Generator Turbine Main Cpmp
eff.s=82%
eff.s=85% 5
2
292.2K=19C
< —ie
CG2
«Tosta l SCOZ[Chiller
2 : [

Recuperator
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Performance Optimization

Optimization Parameters

Mass Flow Rate

« Turbine Inlet Temp

* dT,,p0ach RECUpETator Cold side

* dT,pp0acn RECUPETator Hot side

* dT,pproach Prim HX
« Split Flow (if used)

Gas
Turbine

CG1

TIT

ol

Generator Turbine

5

CG2

To Stack

dT

eff.s=82%

Main Cpmp

dT

[

SCOZKChiller

+ Flow Split

Recuperator
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Four sCO2 Power Cycles

Simple Recuperated Brayton Cycle

Simple Recuperated Brayton Cycle
Cycle Thermal Efficiency= 30.0%

Cascaded Cycle

Cascaded Cycle

Net Cycle Efiiciency= 28.3% RetPer TOIT  Kwe

Thermel Efficiency  26.5% Met Etficiency= 24.7% MetPower  B2L0 kwe
a1z K R g Comp osz
e Heat Source 331 Turbine s TurboPump
- J 3 - e sh | 6707 f 3708 ~_sssz L3054k
68,8 . EEE | | 358 z
. 5 ks o
[R15
550K
10315
13833 kPa L ste Heat 5o 6
L) 5112 ¥
Primary Gas
Hif ; 338 K
Heatar 15 FRTEN R 17260
e L WHR Eff B564% o
WHR B B 24805 5 2 " 7777 kPa
Sac W 113.2 kg's
il 2% stack 333.6 | ¥
6 | ket
3 3717
. HT Recup SETET 2 kPa
TALE — 594 € 8 N Flow spit= 45.8%
5 1 7 3545 K r 2 kPa
b 343.6
74 ¢ 91
Dual Recuperated Cycle Preheatlng Cycle or WHR
Thermal Cyc ‘Pwr= 8601 kWe
Thermal Cycle Efficiency=  28.17% Net Cycle Efficiency= 26.2% Net Power 8322 kWe
Total Efficiency= 20.53% CG1 688 kg/s 1214 kg/s
64.49  kg/s Waste Heat Source 5 Turhin\i Comp gff=
Waste Heat Source 8112 g rom
5 Turbine R Turbine H Comp 662.6 K .
688 ke/s 128 9248 ke Pwr
kw
Waste Heat Source D 7435 K N ey ° 3328 1 305.4 K 23760 kPa kw
8948  kwe Effectivene
811.2 K 23760 kPa o) . kw Primary Pratio 3.12
HX 436 K
Pratio 3.12 / 550.5 | K :ASOGD \Pa
Primary 6D 6H 2 (c;::m 390.0 K 7855 kPa
- aros K 6235 | x 3436 K K 21006 6 2
7855  kPa 7855 |kPa 24000 kPa| 7777 kpa WHR Eff
82.1% Flow Split= 68.5% 12144
WHR Eff 31759 586.5 | K sp-3p| HTRecuperator | 4828 kg/s 0.00 HT Recup ; ke/s
78.36% X
kw 23760 kPa e - ke/s 26622 3436 83.15 kg/s
Stack w 3666 K ° — > “j‘” L 3633 K . 3633 K | g
kg/s .
4828 |wess a0 kare b777 kea 5 Stack b 7777 kPa 7771 KPa
387.9 K e/ 121.4 kg/s 1831 dT=K
s .
23760 KkPa 366.6 K| sh 68.8 Effectiveness
Flow Split= 57.2 90.5%
4795 K LT"D"Recup | 3436 «— 7777 kPa i 3436 | K
7855 kPa &6 24000 kPa 12259 '
K 24000 | kPa
409.0 6 kw
oy 7777 kPa 3829 kg
. s
343.6 K CG3 [ 3436 K
64.49  ke/s 24000kPa 3900 K 24000 kPa

. g
All WHR sCO2 Cycles Use Split Flow SuperCritical ‘)i{ji?nobgies



Cycle Thermal Efficiency= 30.48%

g11.2 &
Waste Heat Source _
G
[oL
effymr
wHA E )
Stack
i1 2%

Coz

4T ¥

Net Efficiency is effygr

Simple Recuperated Brayton Cycle

Simple Recuperated Brayton Cydle

Net Cydle Efficiency= 28.3%

Met Pwr TT  we

EET L T urhina
5 eff Camp
mech-elec
0K
[ lzmmo |1 3054
I RETRE——  ETOL | i
- o kP
K
Primary Pratin 3.13 0as
Hi . eff 3438 K
aldaf® -
e | 2 Lo, CO2-mech 2130 W 17260
24505 ) i
KW ?
HT Recup 3 3438 K
534 * 8
343 4 3345 %
&l 7777 kPa

332 kgls
L

777 kPRa

glide curve

Split Flow with Preheating
Power Cycle for sCO2 WHR Systems

870
—-T-S
770 —Sat Liq }
Sat Vap /
A

= 670 —+Heat Source
g Net Efficiency
® 570 28.3%
g
£ WHR Efficiency
= 470 61. / /

” }/

270

1 1.5

2
Entropy (Kj/kg-K)

eﬂ:WHR * eﬁ:coz-mech * eff mech-elec (93%) ‘

CG Exit Temp is Limited by Recup High Pressure Exit Temp: This is high (see glide curve)

This lowers Waste Heat Recovery Efficiency eff,yr=(Qco/Qwr) = 61.2%
Power Optimization Increases eff ~5,= 30.4%
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Cascade Cycle

Cascaded Cycle gllde curve
Thermal Efticiency  26.5% Met Efficiency- 24.07% Met Power g214  kWe
i e T 1 .
Turhine 2 Comp
TurboPump
cha k 5Sh | 679F Fron 5553 2054 | & Cascaded sCO2 Brayton Cycle
ERE T - 2035 kW LT
o kW 7700 | kpa 870
23760 kPa ) 1193 ka i =#=T-5 TurhePump
kgs css Fratio 3,12 —satlig /
70
Waste BzatSource : Cooler AL
ar: o 52§k £l K 34489 —T-5 Heated Loop /\
. 670 —#=Waste Heat
i) 3 -
HM E Iet Cycle Efficiency= // /
_r‘\, Haoate E
3 "
33787 %570 26.53%
1] "“ ué. WHR Efficiency=
WHR EFf 25 E4% h .
’ 1777 Fa # 85.64%
ah 470
343. I 118.2 K2t
Sta 343, I
54.6
SE | kels 370
371.7
24000 | kPa
L] “F pes i Flow 5plit= 45.8% 270
- ot 1 15 2 25 3
343.6 Entropy (Kjfle-K)

CG Exit Temp is now limited by Compressor Exit Temp: This is low (see glide curve)
This Increases Waste Heat Recovery Efficiency eff,, ,r=(Qco/Qwn) 85.6%
Power Optimization with 2 Turbines and 2 Recup Increases eff -5,= 26.5%

b
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Duel Recuperated Cycle

glide curve

Dual Recuperated sCO2 WHR Power Cycle

Thermal Cycle Efficiency= 28.17% Net Cycle Efficiency= 26.2% Net Power 8322 kWe
Total Efficiency= 20.53%
64.49  kg/s Dual Recuperated sCO2 Cycle
Waste Heat Source
870
i Turbine H
68.8 kg/s 5 Turbine R l Comp —¢—Heat:=_-d Cycle
——5at Lig
Waste Heat Source 743.5 K SatVa
D 4353 7923.4 0 3328| 1 3054 K 70 2
e =w=LT Cycle
811.2 K 23760 kPa _ KWe KW 7700 KPa CG
KW e—o kwW
. B70
Pratio 3.12 _
Primary 6D 6H 2 Gas = il =
HX e .fU Met CO2 Efficiency
/ Heater 4795 K 623.5 K 343.6 K K % 26.2%
=570
7855 kP 7855 | kPa 24000 kPa| 7777 kpa | 22811 z -~ -
a o WHR Efficie ncy=
WHR Eff [ — kw =
31759 586.5 | K T )
78.36% 5p=3p| HTRecuperator | 4828 |g/s 0.00 '_4?,& 78.36%
kw A
23760 kPa 19190.9 ke/s
7=8
Stack A kw 366.6 K s 112.77
48.28 |k ke/s
el 64.49 kg/s 7777 kPa
8 ad 370
387.9K
23760 kPa 366.6 K| 8h
479.5 I Flow Split= 57.2
. K LT "D" Recup 3436 g <= — 7777 kPa 270
—>e
kP 6496 1 1.5 . 2.5 3
| 7855 kPa 24000 kPa Entropy {Kj/keK)
409.0 K 4=3h K '
< ke 7777-6kPa £
387.9K 23760
343.6 K
64.49 kg/s
&/ 24000kPa

CG Exit Temp is now limited by LT Recup Exit Temp This is intermediate (see glide curve)
This Increases Waste Heat Recovery Efficiency eff,,r=(Qco./Quwr) 78.4%
Power Optimization with 2 Turbines and 2 Recup Increases eff -5,= 28.2%
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sCO2 Preheating Cycle

glide curve

Simple Recuperated Brayton Cycle with Preheating for WHR

. | Cvele Eff Net Cvele Eff 25.9% NetPwr= 8601 KW SRBC withPreheating
Thermal Cycle Efficiency = 27.80% et Cycle Efficiency = .9% = e
¥ ¥ ; Power Cycle for WHR 5C0O2 Systems
870
CcG1 68.8 kg/s \121.4 kg/s ——T-5
Waste Heat Source i f .
8112 g > T‘"b'"‘i Comp eff= —5at Lig {’
662.6 K rpm 770
' 3ss4 |1 3054 K Sat Va
—_— 12832 d 9248 kWe Pwr b, (ﬁl p P
a a
23760 kPa kW 670 =w=Heat Source
- e Effective —
rimar H as _ . 4 i
il Pratio 3.12 P Net CO2 Efficiency= 25.%%
550.5 | K 3436 K 5
390.0 K 7855 (/kPa 24000 kPa 24017 Z 570
-
21006 6 2 kw 2 WHREff= 82.1%
WHR Eff KW E
2
82.1% = Flow Split= 68.5% 121.44 470
HT Recup 3 ke/s
C(;is 2 [ 26622 3836 83.15 ke/s
Stack >k<7 363.3 K 3 363.3 K 8a 370
acl
W 7777 kPa 7777 kPa
688 ke/s 183.1 dT=K
Effectiveness 270
90.5% I I 1 15 2 2.5 3
12259 ) Entropy (Kj/ke-K)
kw 24000 | kPa
2 38.29 k
a3 ) 336 K gls
390.0 24000 kPa

CG Exit Temp is now limited by Compressor Exit Temp This is low (see glide curve)

This Increases Waste Heat Recovery Efficiency eff,,g=(Qco,/Qwr) 82.1%
Thermal Cycle Efficiency: eff -5,= 27.8%
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Four sCO2 Power Cycles

Simple Recuperated Brayton Cycle

1Turbine
1 Compressor
1 Recuperator

[E]

1 CO2 Chiller
1 Prim Hx

5 Components : No Split Flow

Dual Recuperated Cycle

2 Turbines
1 Compressor

2 Recuperators
1 CO2 Chiller

1 Prim Hx

7 Components + Split Flow

Cascaded Cycle

2 Turbines W TRTET

1 Compressor

2 Recuperators
1 CO2 Chiller

1 Prim Hx

7 Components + Split Flow

Preheating Cycle

1 Turbines

1 Compressor .- - T
1 Recuperators :;N got e
1 CO2 Chiller .5, .

2 Prim Hx

6 Components + Split Flow

.
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Economic Assumptions

Economic Assumptions Value

Plant Lifetime 20 yr

Plant Utilization Factor 85%

Discount Rate 5%

Sale Price of Electricity $0.06/kWh,

Thermal Exhaust (Waste Heat) Power kW (@ 15 C) 40,731 kW,
+

Component Specific Costs
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Component Costs

Dual Recuperated sCO2 WHR Power Cycle

Thermal Cycle Efficiency= 28.17%

Net Cycle Efficiency= 26.2% Net Power 8322 kWe Tu rbo M aCh | ne ry + AUX
Total Efficiency= 20.53%
- Cost = SpecCost *P
Waste Heat Source OS eC OS TUI’b+AUX Wre
Turbine H
68.8 kg/s 5 l Co
Waste Heat Source D 743.5 5.4
4353 7923.4 ° 3328 1 -4 K
112 L | 83d _ iwe n >
kW  — kw
Pratio 3.12 .
Primary 6H 2 Gas
HX Cooler
/ Heater 4795 K 623.5 K 343.6 K
7855  KkPa 7855 | kPa 24000 kPa| 7777 a 22811
WHR Eff — kw
31759 586.5 | K
78.36% -3p | HT Recuperator 48.28 kg/s 0.00
kW N
23760 kPa 19190.9 ke/s
Stack 4 kw 3666 K - —— 127
48.28 |kg/s ke/
e 64.49 kg/s 8 k
23760 kPa 366.6 K| 8h
o Flow Split= 57.2
479.5, LT"D" Recup | 5,.¢ — 7777 kPa
—>e
L 78! kPa 6496 24000 K
409.0 K 4=3h
<— — - 366.6 48 —
777
387.9K 2373\ a
343.6 K
4.49  k
64.49 ke/s 24000kPa

Primary Heater

Recuperators

CO2 Chillers

Q=U*A*LMDT Cost =SpecificCost,y* Q/LMDT =U * A
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Component Specific Costs

Dual Recuperated sCO2 WHR Power Cycle

2.]
ke/;

7777777

343.6 K

“"$2500/(KW/K) ™

Component Description Cost Units Component
Specific Costs

Recuperators (cost/UA) S/(kW.th/K) 2500

Fin Tube Primary Heater (cost/UA) S/(kW.th/K) 5000

Tube and Shell CO2-Chiller (cost/UA) S/(kW.th/K) 1700
Turbomachinery+Gen+Mtr+Gear+Piping+Skid+I&C+Aux.BOP S/kWe 1000
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Summary of

Resu

ts

<= \WHR are Grouped Together

<= Max TIT Higher for Pat. Cycles

<= High Effectiveness for HXs

<= Approach Temps10C-21C

€= CC Heat Rate Near 7000 BTU/KWh

See Bar Charts (Next)

SRBC Cascaded Dual Recup Preheating
LM-2500PE Units
Waste Heat (Brochure) LM2500 kw.th 40,731 40,731 40,731 40,731
Waste Heat Combustion Model kW.th 40530 40530 40530 40530
Mass flow rate thru Comp kgls 93.2 124.6 112.8] 121.4]
Max flow rate in Heater kgls 93.18 56 64.49 121.4]
Efficiency of WHR 61.2% 85.6% 78.49%9 82.1%
Net SCO2 Cycle Efficiency 28.3% 24.7% 26.2% 25.9%
Total Efficiency 17.31% 21.13% 20.53% 21.22%
Max Turbine Inlet T K 685.0 756.9] 743.5] 662.6|
Max Turbine Inlet T (C) C 411.8 483.8] 470.3 389.5
Stack Exit Temp (K) K 497.1 372] 409.0 390.0
Stack Exit Temp (C) C 223.9 99 135.9 116.8]
Total UA kWIK 1795 2807.98 2447 2966
Recup UA kW/K 630.5 1036.96 782.8] 1226.76
Heater UA kW/K 446.6 837.58] 794.1] 740.71
Chiller UA kW/K 718.2 933.45] 870.4] 998.97
Recup Costs $ 1,576,314 2,592,403 1,957,006 3,066,890
Heater Costs $ 2,232,836 4,187,885 3,970,675 3,703,565
Chiller Costs $ 1,221,021 1,586,858 1,479,629 1,698,246
Total HX Costs 5,030,171 8,367,146 7,407,310 8,468,702
HEAT EXCHANGER EFFECTIVENESS
Prim HT HX % 94.6% 94.0% 95.0% 93.5%
Preheater HX % 90.8%
HT Recup % 94.0% 92.3% 83.1% 90.5%
LT Recup % 88.4% 91.8%|-
CO2 Chiller % 73.8% 82.3% 81.8% 81.2%
Closest Approach Temperature (K) (K) 10.7 18.0| 21.1 18.0
CC Heat Rate (GT only=9611 BTU/kWh) BTU/kWh 7323 7037 7012 6949
Effective Revenue from Elect Sales| $M/year 2.168 2.339 2.456 2473
Approx $/kWe Net $kWe 1717 2019 1890 1985
Net Elect. Power kWe 7017 8214 8322 8601
Combined Cycle Total Efficiency % 46.6% 48.5% 48.7% 49.1%
Total Capital Costs (FOAK) M$ 12.047 16.581 15.729 17.070
Rate of Return % 18.0% 14.1% 15.6% 14.5%

Su

" 9% .
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Economic Performance Summary Chart

for sCO2 Bottoming Cycle
(SRBC versus WHR-Cycles)

A
Net Electric Power Net Annual Revenue (M$/year)
10002 2.500
9002 2.450
~1 MWe o T
. o 79 Z 235
Addltonal E 6002 - :é: 2.300 300 k$/yr
POWGI’ g 5002 - § 2.250 Add|t|0n3_|
é 4002 -| é 2.200 Revenue
2 3002 - % 2.150 -
2002 - < 2100 |
1002 - 2.050 -
2 - T T T 2.000 - " " "
SRBC Cascaded Dual Recup Preheating SRBC Cascaded Dual Recup Preheating
C D
Capital Costs ($/We) Total Efficiency Versus sCO2 Cycle Type 3% points
2502 25.00% Add |t|0nal
300 k$/KWe Net
” 2662 20.00% .
Additional 2 g Efficiency
Capital Costs 3 w0z | £ 1s.00% - for sCO2
g £ Bottom
o
CapX ~ 2 $/We T 1002 - 3 1000% 1 Cycle
§ [
502 - 5.00% -
2| i i i 0.00% - . . .
SRBC Cascaded Dual Recup Preheating SRBC Cascaded Dual Recup Preheating
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Combined Cycle Economic Comparisons

SRBC Cascaded Dual Recup Preheating | Gas Turbine Only
LCOE at Fuel Costs of 3$/MMBTU $0.0294 $0.0291 $0.0289 $0.0289 $0.0342
LCOE at Fuel 5$/MMBTU $0.0416 $0.0409 $0.0406 $0.0405 $0.0502
A B
sy COMbined Cycle Efficiency LCOE for the Combined Cycle and Gas Turbine
 ss0% $0.0600
§ 48.5% $0.0500
E 48.0%
2 47.5% $0.0400 .
.'E 47.0% $0.0300 H LCOE at Fuel Costs of
:g 46.5% - 3$/MMBTU
5 soon i $0.0200 -
o H LCOE at Fuel 55/MMBTU
O 45.5% - $0.0100 -
45.0% - T T T
SRBC Cascaded Dual Recup Preheating $0.0000 -
¥ & K& N
23 @"dbb ,Z}ng’ Q‘,&‘Q’& .\QQ,OQ
CC Eff 35.5% to 46-49% MR SR
&

Combined Cycle Capital Costs ($0.750/We for Gas Turbine and $2/We for sCO2) = $1.05/We
Combined Cycle Efficiency Increases from 35.5% to 46-49%)
LCOE Decreases from $0.05/kWh to $.04/kWh (Well below Grid Price of Elect) (5$/MM BTU of Nat Gas)
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Conclusions

Conclusions for Combined Cycle

— Combined Cycle Efficiency Increases from 35.5% to 46-49%

— With LCOE reduction of 1cent/kWh at $5/MMBTU Natural Gas

— LCOE is well below market price of electricity in most markets

— Reduction of Heat Rating from 9611 BTU/KWh to ~7000 BTU/KWh

Conclusions for sCO2 WHR Power Systems

All WHR systems perform about the same (both power and economics)
All WHR cycles produce 1.2-1.6 MWe more compared to SRBC

Annual Revenue for WHR sCO2 increases $200-300 k/yr (12-15% above SRBC)
Capital costs increase from 12 M$ to 16-17 M$ (from 1.7 to ~ 2$/We)
HXs represent about 40-50% of total system cost

Economic benefit to increasing HX Effectiveness to 93-95% range

WHR Efficiency is 61% for SRBC and 75-85% for WHR systems

sC0O2 WHR Performance and Economic Benefits are Substantial

Key: A Business Model that Meets Customer’s Needs
Expanding Markets, New Markets, Modularity, Power Independence, Grid Independence,
Grid Reliability, High Reliability, More Competitive Products

" 9% :
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