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CONTEXT

= Challenge in energy demand and the important role of coal s Power
in energy mix generation
o Growing world energy demands : Industry and heating
- 22126 TWh in 2011 21% gt
* Electricityl 80% from 1990 to 2010
* N70% is expected by 2035 Transport
o Coal-fired plants: 41% of world’s power generation 22%
o Power generation: 42% of world’s CO, emission Word CO, emission in different sector
— IEA world energy outlook 2013
Other
= Challenge in environment 4%
o CO, emission: 31.3 Gt in 2011 Hydroelectric
o Reduction target of 40%-70% by 2050 (post COP 21) 16% Coal
Nuclear 41%
12%
Power Plant Efficiency
[ improvement ] \
. Oil
* ~ €DF 5th International Supercritical CO, _ 5%
Power Cycles Symposium, Qiao ZHAO World energy production

— |IEA world energy outlook 2013



INTRODUCTION

State of the art for coal-fired plant

S-Steam:46% |,,, 30MPa/873/893 K

Potential of enhancement
(material/architecture/working fluid?)

Operation condition
In the vicinity of the critical point
High T(up to 1300K) and P(30 MPa)

S-CO, cycle allows at least 21 5%pts LHV

efficiency
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Phase Diagram of CO,
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OBJECTIVES OF THIS STUDY

Modeling and simulation of cycle
Learn more about the cycle behaviors
before demonstration at industrial scale

[ Cycle ][ Machinery ] [ . ]
.. Economics
performance sizing 5

Difficulty on thermodynamic models:

Operation condition
High Tand P
Non-classical behaviors near critical point

Thermodynamic model (EoS) for S-CO,
Calculations on density, speed of sound,
heat capacity, transport properties

Objectives
Comparison of existing thermodynamics models (EoS) for CO,

Selection of the most accurate model for CO, (in the vicinity of the critical point and
supercritical region)

EoS sensitivity study in process simulation

LJ
f‘ s EDF 5th International Supercritical CO,
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METHODOLOGY

Step 1: Simulated CO, critical properties
Step 1: CO, critical property compared with experimental data

Cubic EoS, virial type EoS, EoS expressed in terms of
Helmholtz energy

comparison with collected DIPPR
database

Candidate EoS: PR, PR-BM, SRK, LKP, BWRS, SW

<

Thermodynamic

Experimental data
simulator (DIPPR 801

(ProsimPIus)

Database)

CO, critical CO, critical
propertles Comparison propertles
Pc' pc (V IDC’ pc (V )

. Peng-Robinson (PR); Peng-Robinson with Boston-Mathias alpha function (PR-BM); Soave
* ~ €DF modified Redlich-Kwong (SRK); Lee-Kesler-Plocker (LKP), Benedict-Webb-Rubin modified by
Starling and Nushiumi (BWRS) and Span-Wagner (SW).




METHODOLOGY

Step 1: CO, critical property SFe.p .2: co, crlte.r!a prop.erty comparison in the
comparison with collected DIPPR vicinity of the critical point
S = 300 K<T<310 K, P=7.38 MPa

comparison in the vicinity of the
critical point

Thermodynamic :
Y Experimental data

simulator
(ProsimPlus)

U 0.

(DECHEMA Database)

é o o
criteria properties: criteria properties:
Density(p), heat - Density(p), heat

. Comparison .
capacity (c,) speed capacity (c,) speed

\_of sound(w) of sound(w)
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METHODOLOGY

Step 1: CO, critical property
comparison with collected DIPPR
database

Step 3: CO, criteria property comparison in the
entire region of interest
= 300 K<T<900 K, 7 MPa<P<30 MPa

Step 2: CO2 criteria property

Candidate EoS: PR, PR-BM, SRK, LKP, BWRS, SW

comparison in the vicinity of the
critical point

Step 3: CO, criteria property
comparison in the whole region of
study
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Thermodynamic

simulator
(ProsimPlus)

Experimental data

(DECHEMA Database)

U

(o )
criteria properties:

Density, heat
capacity, speed of

criteria properties:
Density, heat
capacity, speed of

< Comparison

sound(w)

- J

N
Favorable EoS

EoS leads to the smallest relative
“model/measurement” deviation

10

N




METHODOLOGY

Step 1: CO, critical property
comparison with collected DIPPR
database

Step 2. CO2 criteria property
comparison in the vicinity of the
critical point

Step 3: CO2 criteria property
comparison in the whole region of
study

Step 4: EoS sensitivity study in
process modeling

q
» -
2~ EDF

Step 4: EoS sensitivity in process modeling of
Brayton cycle

= Recuperated Brayton Cycle (RC)
= Recompression Recuperated Brayton Cycle (RRC)

Favorable EoS Other 5 EoS

U <

Process Process
simulator simulator

(ProsimPlus) (ProsimPlus)

Process modeling Process modeling

with constraints: ¢ comparison with constraints:

Design parameter, Design parameter,

le effici . ici
\cyc e efficiency, cycle efficiency, y
[ Results Analysis and Discussion ]
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STEP 1) CRITICAL PROPERTIES COMPARISON

= Experimental T_, P_ as input parameters = Critical density

- T,=304.21 K, P,=7.3830 MPa

= Except for SW EoS

o SW and LKP EoS exhibit 0.1% on p,
o SRK EoS shows the biggest deviation

5 T,=304.13 K, P_=7.3773 MPa

q
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20%

18%

=
o]
ES

Mean absolute deviation A%
[
S

0%

SRK, 17.70%

PR, 10.90%
BWHRS, 9.50%

SW, 0.10% LKP, 0.10%

Critical density
A is defined as the absolute mean average of (Critical densityexperimental =Critical densityeos
calculated )/Critical densityexperimental
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STEP 2) COMPARISON NEAR CRITICAL POINT

310 T W——————————T
— |
308 =R | e o . epe .
s | E L8 In the vicinity of the critical point
2 3061 1 2|40 300 K<T<310 K, P=7.38 Mpa
2l 11 &)t w: T=T. and 6 MPa<P<8 MPa
E | 8 |14k
= 1l < |F
KA ) k] !
302 ", 1| = i
) i\ 1) n H
: N 12} Density
300 LR PR N SRR N T T T N TR R N TN
200 300 400 500 600 700 800 320 340 360 380 400 420 SW: Ap around 10%
Tenperatre ()
a (b)
- Heat capacity
P g SW: Ac, around 2%
e SW £ 300}
PR | | Speed of sound
———  LKP = [
- SRK 2 |20} SW: Aw around 7%
i
- PR-BM © o . . .
-~ BWRS B 200} Severe criteria for EoS validation
. Experimental data o i
—150}
I BT PR TR
6.0 6.5 7.0 7.5 8.0
Pressure (MPa)
(c)
. Representation of (a) isobaric density, (b) heat capacity, (c) isotherm speed of sound
?‘ "‘EDF in the critical region of CO,
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STEP 3) COMPARISON IN ENTIRE REGION OF
INTEREST

= In the entire region of interest
o 300K <T<900 K and 7 MPa <P<30 MPa
0 2641 “density” pts; 359 “heat capacity” pts; 138 “speed of sound” pts

EmSW BESRK BPR PR-BM ®LKP ®BWRS

30%

25%

2

15%

10%

0%

Ap(%) Acp(9%) Aw (%)

Mean absolute deviation 4%

A is defined as the absolute mean average of (property valueexperimental —property
valueEos calculated )/p roperty valueexperimental

. SW is the most accurate EoS in the entire region of interest
& SeDF
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= Step 1: CO, critical property comparison

= Step 2: Criteria property comparison near the critical point

= Step 3: Criteria property comparison in region of interest

Conclusion and future works
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STEP 4) SENSITIVITY STUDY

EoS sensitivity in process modeling simulation
= Set SW EoS simulation as reference

EoS sensitivity: PR, PR-BM, SRK, LKP, BWRS

Cl R1 Heat source

% [ Industrial ]
Process simulator constraints
_@' """ o D """ (ProsimPlus)

Heat sink Turbine
Recuperated Brayton cycle (RC)
.............. A
Main
compressor i TR HTR | Heat source
piBn e Marn )
T
: Results Analysis:
1 8 6 5 Design parameter, cycle performance,...
g Z Secondary L—
Heat sink compressor Turbine

Recompression Recuperated Brayton cycle (RRC) A




STEP 4) SENSITIVITY STUDY: RC BRAYTON CYCLE

|

L]
» -
2~ EDF

C1 R1 Heat source

%

Jeat sink Turbine

CSP application reference to
Mohagheghi and Kapat, 2013[1]
Parameter and constraints set
identical to reference

5 other EoS process simulation
compared with SW EoS process
simulation

~

/

Toinch hot

[ Qe .
conomizer

= Cycle efficiency

[1]M. Mohagheghi and J. Kapat, “Thermodynamic Optimization Of Recuperated S-CO, Brayton
Cycles For Solar Tower Applications”, Proceedings of ASME Turbo Expo , 2013
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STEP 4) SENSITIVITY STUDY: RC BRAYTON CYCLE

13% -
m|KP mSRK mPR = PR-BM mBWRS
11% -
9% -
®
=]
e
=
3 5% -
-
2
s 3% -
o
o
_
. . . T —
1% - Tpinch hot Heat transferin Cycle efficiency
Economizer

_3% .
* A is defined as the relative deviation of ( result simulated by

other EoS - result simulated by SW)/result simulated by SW
Other EoS

= Hot Pinch temperature on economizer overestimated : [Surface of economizer

= Heat in economizer underestimated underestimated

J

= Small impact on cycle efficiency

q
» -
2~ EDF
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STEP 4) SENSITIVITY STUDY: RRC BRAYTON
CYCLE

Main
compressor i [ TR i
v

Heat source /_

Mecheri and Le Moullec, 2016[2]
» Parameter and constraints set
identical to reference
] = 5 other EoS process simulation
5 compared with SW EoS process

Coal-fired application referenced to\

/

% : simulation
ga. e D
. Secondary
Heat sink compressor Turbine

Tpinch hot

n .
Qeconomlzer

= Cycle efficiency

[2]M. Mecheri and Y. Le Moullec, “Supercritical CO, Brayton Cycles For Coal-fired Power
Plants”, accepted by Energy in 2016
(
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STEP 4) SENSITIVITY STUDY: RRC BRAYTON
CYCLE

» -
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Relative deviation A%

-2%

W LKP M SRK PR-BM B BWRS
6%
2% l I
- I —
Tpinch hot nsfer HTR cycle efficiency

Ais defined as the relative deviation of ( result simulated by other EoS -
result simulated by SW)/result simulated by SW

Hot Pinch temperature on economizer overestimated
Heat in economizer underestimated (except for BWRS)

Small impact on cycle efficiency

Influence of EoS becomes more complex when layout is more complicate and
number(component) ./

23
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STEP 4) SENSITIVITY STUDY: DISCUSSION

Small effect of EoS on power cycle efficiency

No involvement of speed of sound in cycle efficiency calculation (strong involvement in
machinery sizing)

Predictable strong dependence of EoS on Process Design and Economical Assessment

Foreseen effects on Brayton cycle optimization: maximize the cycle efficiency

EoS Correlation

)

c, Transport properties

\\

Process design and economics ]

Power cycle
efficiency
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Conclusion

SW EoS is the most accurate model (among the 6 studied EoS) in both critical and

supercritical region for CO,

Small effects of EoS observed on power cycle efficiency
= However process design is expected to strongly depend on EoS
= Precision of EoS is required for complex cycle layout

= Accurate EoS is required for mixture of CO,

Future Work

= Process optimization with respect to energy and economics (Non-Linear Programming)

= Propagation of thermodynamic model uncertainty to cycle output

= Optimization of process structure (Flowsheet)

+'~eDF
L 5th International Supercritical CO, Power Cycles Symposium, Qiao ZHAO
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BACK UP
1) HYPOTHESIS AND CONSTRAINTS

C

R

Heat source

ot

N1

=0

Heat sink

(5

T

Turbine

Tin compressor (=Tcooling) (K) )

3.274
12
1373
20
0.9
0.89
200

Pressure drop in every component
(%) 1

q
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Cl

- >

7

|R1 R2

Heat source

o8
h 4

F

C2

-7

Heat sink

6Di

Turbine

Tin compressor (=Tcooling) (K)

Pin compressor (MPa) 75
Pout compressor (MPa) 20
Pout sec compressor (MPa) 19.9
T heater (K) 773
Tpinch cold (K) 10
isentropic efficiency of turbine 0.9
0.89
0.981
200

Pressure drop in every component (MPa) 0.1

Temperature equality in Flow(9) and Flow(3)
Constant heat source (1187 MW)in the boiler
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BACK UP
2) THERMODYNAMICS BASIS (HEAT CAPACITY)

C;;(T*, ’U*) — c;)(jvkj ’U*) _|_ C;eS(T*, ,U*) /SWEoS: %(3—%)?) \
. . - ST
C L c (1+dps — dTe05,)
cc=A+B I 24+ D o 2 2 = (¢ + ) + :
P (smh(%)) (cosh(%)) R v Y ) 142005 +5290§g
, 90" (T, v) R ~(55)r
ot =[5 N y
pvar (T fU) —— [(9”"”ng(71| '”)] A = 29370
Cor B = 34540
Luver (T, v) = a®" (T, v) + T - s*"(T, v)
B § C' = 1428
O'L‘:ar‘ T’ — [ Uu L, U }
2" (T, v) T |, D = 26400
Kap 3;1, ;)) 2
C;jar(T’ 'U) = OE(”‘ — T (QP'”“"'{T.'U})T E - 588
\ av )
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BACK UP

2) THERMODYNAMICS BASIS (SPEED OF SOUND)
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@W EoS:

11)2

RT

o

o
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N
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(14 0pf — 67¢5,)°
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Vo
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BACK UP
STEP 3) SW EoS IN ENTIRE REGION OF INTEREST

Region of entire study: 300<T<900 K, 7<P<30 MPa

1000 T T T T
100 T Il 7/ T '.' }2 T
L] Experimental data T=303 K ——  FoS calculated T=303 K ® o) ted Tsuji et al
% Experimentaldata T=313K  —-— EoS calculated T=313 K S Pomts ascemted by anthor
ra Experimental data T44 K =~ ———- FoS calculated T=404 K % Nowak et :1p1 007 ¥
§0/®  Experimentaldata T=583K ~ —— EoS calculated T=583K _| 800 - owaxetal o G 1
o} Experimental data T=763 K ~- - FoS calculated T=763 K
[ Experimental datat T=1033 K — —  EoS calculated T=1033 K i.g -
L . ; 3 )
L o ]
5 {g 600 o .
=3 L 8 o
g E <
7 E =} o) !
=1
£ 4 & 00 o .
3 S o6 o
z one
53]
=
N 200+ B
o
TR B S S PR I Y 0 I 1 I 1
750 1000 1250 0 200 400 600 800 1000

Expetimental density (kg/m3)

Satisfactory agreement between Pgy ¢os caiculated 3N Pexperimental

Parity curve with all accessed experimental data
Ap=2.4 %

Relative important deviations (>15%) in the vicinity of the critical point
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Speed of sound (m/s)

Heat capacity Cp (kJ/kg/K)

700

600

%3
=1
=3

400

BACK UP
STEP

T

Experimental data P=14.8 MPa
Experimental data P=7.3 MPa

Experimental data P=10.0 MPa
Experimental data P=11.8 MPa
Experimental data P=19.7 MPa
EoS calculated Cp P=7.3 MPa

EoS calculated Cp P=10.0 MPa
EoS calculated Cp P=11.8 MPa
i) = EoS calculated Cp P=14.8 MPa
EoS calculated Cp P=19.7 MPa

high T zone

250 300 400 450

Temperature (K)

500

Experimental data T=301.15 K
Experimental data T=304.15 K
Experimental data T=400 K

Experimental data T=450 K

EoS calculated speed of sound T=301.15 K
EoS calculated speed of sound T=304.15 K

]
<
*
]

- EoS calculated speed of sound T=450 K

300

200

100

EoS calculated speed of sound T=400 K "

Pressure (P/MPa)

P 5
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20

EOS calculated heat capacity Cp (kI/kg/K)

EoS calculated speed of sound (m/s)
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Experimental heat capacity (kJ/kg/K)
350F T T g
3
300 - s . -
.
% faY
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L ]
250 B
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.
. o8,
% Fay
B i
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200 & 2 L] T=301.15K 7
a8 % T near Te
¥ 4 305 K<T<309K
EpA ¢ T=31LISK
& * IS0 K<T<450K
AL
150 1 Il 1 I
150 200 250 300 350

experimental speed of sound (m/s)

3) SW EoS IN ENTIRE REGION OF INTEREST

Satisfactory agreement between

C qgandc

p SW EoS calculate p experimental

Parity curve with all accessed
experimental data

Ac,=4.0%

Satisfactory agreement between

wSW EoS calculated and wexperimental

Parity curve with all accessed
experimental data

Aw=4.8%
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BACK UP
EoS IN ENTIRE REGION OF INTEREST

_ L] Experimental data P=7.3 MPa
P=7.3 MPa @  Experimental data P=11.8 MP:
———-  SW EoS calculated Cp
—— PR EoS calculated Cp
PR-BM EoS calculated Cp |

\, — - SRK EoS caleulated Cp

“ ——  LKP EoS calculated Cp
BWRS EoS calculated Cp

P=11.8 MPa

Heat capacity Cp (kJ/kg/K)

1 | 1 1 | 1

l L
300 310 320 330 340 350 360 370
Temperature (K)
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BACK UP
RRC BRAYTON CYCLE

6%

mLKP mSRK mPR mPR-BM mBWRS 13.0%
4%
29 9.0%

N |
5.0%
r .I Flow rate of .

1.0% l

= e . - - ! —
Turbine power lo ain compr r lossse ressor cycle'efficiency

¥ 8

Relative deviation 4%
$

-6% a30%
-8%
-7.0%
-10%
Ais defined as the relative deviation of ( result simulated by other EoS o LKP B SRK W BP PRSI m VS
- result simulated by SW)/result simulated by SW -11.0%
q
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BACK UP
ECONOMIZER PINCH PROBLEM

Cold high
_—é
pressure o
Co, Econimizer
Warm low
E pressure
CO,
v
>
2 | 74MPa 2
© Q
% o
& 5
o =
O]
+ 20 MPa
Temperat;re Exchanger Duty
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BACK UP
RESULTS — Cycle economizer configuration

Economizer temperature difference

= 3 studied cases (all other parameters as afunction of cumulative duty
being similar with reference case): 80
o No recompression cycle 20 Le—
. . /
o Single recompression cycle (ref. case) 50 -

o Double recompression cycle

. — -Case 1 (41.9%)
/ Case 2 (46.8%)
——Case 3 (47.1%)

= Significant reduction of economizer
temperature difference between heat
and cold side
- more heat is exchanged
-> cycle efficiency increases

Hot and cold side temperature difference
in [K]
N
o

20
= Double recompression cycle efficiency 10 )
gains do not justify expected material
additional costs 0 , , ,
0 2000 4000 6000 8000
Cumulative duty in [MW]
q
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