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Background and main challenges

High temperature waste heat sources:

Effective ways to exploit waste heat for power production:

Fluid catalyst cracking in Refineries (T = 700°C)
Cement industry (T = 300°C — 500°C)

Steel and glass manufacturing industries

Steam Rankine cycles
Organic Rankine cycles

Supercritical/Transcritical carbon dioxide cycles

Organic Rankine cycles
Many engines are developed and currently
installed.
Main challenge is thermal stability of working fluid
at high temperatures.

Supercritical carbon dioxide power cycles
Suitable for high temperature waste heat
recovery.

Main challenges are:
* Higher maximum operating pressures.
e Complex plant layouts (including cascade

heating and dual expansion processes).



Potential of carbon dioxide mixtures as working fluids

To achieve higher total efficiency (heat recovery effectiveness x cycle efficiency)
Employing simpler power plant scheme

To lower power cycle operating pressures.

And, to reduce plant specific cost and levelized cost of electricity.
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Potential of carbon dioxide mixtures as working fluids

1. Choice of additives for CO, mixtures

2. Thermodynamic properties of CO, mixtures

3. Thermodynamic modeling of power cycles

4. Thermodynamic performance comparison



Potential of carbon dioxide mixtures as working fluids

[ 1. Choice of additives for CO, mixtures ] Q
2. Thermodynamic properties of CO, mixtures )
3. Thermodynamic modeling of power cycles Selection criteria

 T,>T,of CO,
4. Thermodynamic performance analysis and

comparison Moderate P,

* Thermally stable up to 400°C
* Lower molecular complexity
* Low GWP and ODP

* Non-flammable, nontoxic
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Potential of carbon dioxide mixtures as working fluids

1. Choice of additives for CO, mixtures

Working fluid

NOVEC5110
NOVEC649

HFO1234yf

31.06
101.03
146
168.66
94.7

109.36

73.83
40.56
21.44
18.69
33.82

36.62

Molecular
weight
44.01
102.03
266.04
316.04
114.04

114.04

Parameter of
Molecular
Complexity

-9.340
-2.429
17.145
28.165
-1.017

0.046
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Acentric
factor
)

0.22362
0.32687
0.42919
0.471
0.28203

0.32376

Thermal
stability

>700 °C
350 to 370 °C

200-300°C



Potential of carbon dioxide mixtures as working fluids

1. Choice of additives for CO, mixtures .
s

GWP in 100 ASHRAE 34

Working fluid years Flammability Instability safety group

0 1 0 2 0 Al
0 1370 0 1 1 Al
NOVEC 5110 0 1 1 3 0
NOVEC649 0 1 0 3 1
HFO1234yf 0 <4.4 4 2 0 A2L
0 6 n.a. n.a. n.a. A2L
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Potential of carbon dioxide mixtures as working fluids

o ldentification of Equation of state (EoS)

1. Choice of additives for CO, mixtures o Calibrate EoS parameters using

experimental data.

2. Thermodynamic properties of CO, mixtures »
o Use EoS to determine thermodynamic

3. Thermodynamic modeling of power cycles properties of CO, mixtures at different

composition:
4. Thermodynamic performance analysis and e P-T phase diagrams
comparison e Critical points

* Densities, enthalpies and entropies
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Potential of carbon dioxide mixtures as working fluids

[2. Thermodynamic properties of CO, mixtures}

Peng Robinson EoS with van der Waals mixing rules

) RT i 23 Mixing rules
v—-b v(v+b)+b(v-Db) a_ —Z:Z:ZI & EoS requires:
e Pure fluid properties.
=|1+k@-T) | b, —ZZZ. Lo * Binary interaction
parameter (k;)
. 2
k = 0.37464+1.542260—0.269920 8, = Jaa (1
2T 2
_045724% 1 p_o07788% b; +b;

Pc I:)C bi ]
’ 2



Potential of carbon dioxide mixtures as working fluids

[2. Thermodynamic properties of CO, mixtures}

Fitting Equation of state on experimental vapor-liquid equilibrium (VLE) data

90

Value of binary interaction parameter (k;) is

80 |

CO,(1) + Novec649 (2) binary mixture ‘

determined by fitting EoS on experimental

k,, = 0.07358+ 0.011206

70

(*}]
o

data.
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o
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Potential of carbon dioxide mixtures as working fluids

[2. Thermodynamic properties of CO, mixtures}

w
o

‘ CO,(1)-Novec649(2) binary mixture

| k1 =0.07358+ 0.011206 |

o]
o

~l
o

CO,-Novec649 mixture

[+2]
o
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=
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=3
=
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(%3]
o

* k;,=0.07358+ 0.011206

'
o

PRESSURE (bars)

 P-T envelop and critical points of

w
[=]

el
[=]

CO,-Novec649 mixture are

[
o

calculated.

o

-50 0 50 100 150 200
TEMPERATURE (°C)

* [nformation about bubble and dew points, critical locus and temperature glide

(temperature difference between bubble and dew point at constant pressure).
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Potential of carbon dioxide mixtures as working fluids

2. Thermodynamic properties of CO, mixtures

* In case, No experimental VLE data are available

* The correlation between a, , and a, is developed using data of some known CO, mixtures.

< 4 -
é ] 1 y=Co+Cyx+C,x?
d, , =+/qa, (1— kl 5 ) X35 ] "G, | Co=0.69658 £0.065321
: ’ & 3 |+ C,=0.31131 + 0.020596
& 37 o,’ C, =-0.0083036 * 0.0013302
2 o 0'60 y=a;,x10%
- 1l 7 4 -
Yy = CO + C'1X + CzX M?Z-S ,98 x=a, x10%
& 2 ] ,O’ 1 n-perfluoro octane CgF,q
24 " 6 8 ’05 2 perfluorodecalin C;oF4
Yy = aq, * 10“* , Interaction parameter of a 2. 7 QO 3 n-perfluorohexane CiFs,
. <~ o.-0° 4 perfluoro-methyl-cycloHexane C,F,,
a Pt
COZ mixture % 1] 9(5 o) 5 cyclopentane CiHy,
3 E 6 R12 - dichloro-difluoro-methane CCI,F,
_ jm b4 7 sulphur dioxide SO
X = a, * 1048 — e 0.5 1 8 ethane C,H, i
molecule E 9 hydrogen sulphuride SH,
. . . - 01 : .
van der Waals coefficient of intermolecular 1 10 100
forces for the additive (or dopant). VAN DER WAALS COEFFICIENT OF THE INTERMOLECULAR FORCES FOR THE

SECOND (PURE) MIXTURE COMPONENT, a, x 10% (J m3/molecule?)
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Potential of carbon dioxide mixtures as working fluids

[2. Thermodynamic properties of CO, mixtures}

P-T envelop and critical points

80

CO,-NOVEC 5110 mixture CO,(1)-Novec5110 (2)
70 binary mixture }%o— > '9-@5@
k,,= 0.0699654 + > : "
— 60
A 5 = A /a,a, (1 k1,2 ) 0.062841 K .
---------------------- = 50 '
k, ,=0.06996 £0.062841 > s
""""""""" w 40
|
. . o« 30
computed using uncertainty =
propagation 20
10
0 —
50 -20 10 40 70 100 130 160

TEMPERATURE (°C)
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Potential of carbon dioxide mixtures as working fluids

[2. Thermodynamic properties of CO, mixtures}

Values of k; , for CO, mixtures computed by either:
* Fitting EoS on experimental VLE data.

* Estimated using correlation in case of No experimental data*

CO, mixtures Experimental VLE data ki, Sta'f‘d?rd
' deviation
CO,-Novec649 VLE at T=40 °C, 50°C, 60°C and 70°C 0.07358 0.01120
VLE at T=-21°C T=-1 °C, 19°C, 50°C, 55°C
CO-R134a 56°C, 60°C,65°C, 66°C ,70°C and 81°C 0.0166 0.00824
CO,-Novec5110 Not available 0.06996*
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Potential of carbon dioxide mixtures as working fluids

1. Choice of additives for CO, mixtures

2. Thermodynamic properties of CO, mixtures Thermodynamic power cycles with

supercritical CO, working fluid.

[3. Thermodynamic modeling of power cycles J

4. Thermodynamic performance analysis and Thermodynamic power cycles with CO,

comparison mixtures working fluid
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1. Simple Recuperative cycle 2. Recuperative cycle with split

H P PHEZ PHE1 "
* Working fluid: . O e S =
C02 Rl . &
* Power cycle layouts:
. 0 . TURB
Three different cycle configurations Vs
are selected from best practice in A
literature
N - R RAD
] =
Table 4: Operating parameters and common assumptions for >500s
thermodynamic simulation of power cycles. >
Parameter Value
Puin or Pi(bars) 100 3. Single flow split dual expansion cycle
Pressure ratio (Pr) 1.5t06 o
Tonin (°C) 35 ¢ O
Texn,in (°C) 450 —
Weoxn (k2/s) 100
Flue gases (percentage 28% COa2, 58% Na, " y
molar composition)|21] 3% O2, 11% H,O
MITApuz (°C) 50
MITAmd:'amr, MITArerup (DC) 20
nisent,comp/nmer:h,comp 0.8/0.98
Nisent,turb /nmech,turb 0.85/0.95
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500

1. Simple Recuperative cycle 450

—{rvece]

%

S PHE 400

FLUE-N =

e 350

N
w
o

N
o
(=]

Temperature°C

=
w1
o

B 100

RAD

50

0 =
N, °
) o

500

2. Recuperative cycle with split

450
PHEZ PHE1 A

400
mom, ., wwm,

GCooL

FLUE-Z

Simple Recuperative sCO, cycle

Optimum Results
P, =100 bars, P5 = 400 bars
Nh = 0.249, b =0.531
Ntatal = 0-1326
W; =10.03 MW, W, = 4.15 MW

nn= 0.3131

Flue-out

Air

0.2 0.4

Flue-in

0.6 0.8 1

Dimentionlesstransferred power

Recuperative sCO, cycle with mass split (x)

Optimum Results
P, =100 bars, P5 = 300 bars
x=0.3, Ny, = 0.219, ¢ = 0.669,

Flue-in

5 i (] 350 |y x ¢ =0.1465, Wy = 10.61 MW, W, = 4.12 MW
i ] i =0.3458
i .:,Z 300
3
F 250
TURB ]
- a
I< i RECP g 200
' = Flue-out
._+ 150
100
50
RAD 1 /ﬁr”
n avasl 0
>Eads -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
= Dimentionlesstransferred power
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3. Single flow split dual expansion cycle

GCOoOoL

ke FLUE-DP i FLUE-IN c
PHE
FLUE-OUT S—
F—
ials 5]
- =]

HT E LT

LTR

me—«——mm
cooL .
=
b
M

[=]

_/\/\_
>Eals
= =

e Dual expansion processes.

» Different mass flow through recuperators (LTR and
HTR) to balance heat capacities and improve thermal
match.

Temperature (°C)

500

450

400

350

300

250

200

150

100

50

Single flow split dual expansion sCO, cycle

Flue-in

Optimum results
P1 =100 bars, Pg = 290 bars, x,,; = 0.557
Nth = 0.186, ¢ = 0.827, Nyora) = 0.1542
W;=11.21 MW, W= 4,38 MW

M =0.3638

MITA 75 = MITA,

-0.3 -0.1 0.1 0.3

05 0.7 0.9

Dimentionlesstransferred power
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Thermodynamic performance comparison of
three CO, power cycles

CO, T Wnet Ntotal = Exergy
* SRC is not proven to be effective in 'Z;Z\Ilgsr (o”&a)x Pr (kW) Nen @ nupX¢ efficiency
heat extraction from flue gases.
. There is 10.56% and 16.29% gain in SRC 400 4 5873 0249 0532 0.132 0.313
total efficiency for RCS and SFDE RCS 350 3 6487 0219 0.660 1 0146 T 02345

cycles, respectively relative to SRC.
SFDE 400 29 6826 0.186 0.827ﬁ0.154ﬁ 0.363
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Thermodynamic power cycles with CO, mixtures working fluid

Working fluid:
CO,-Novec5110 0.3
CO,(1)-NOVEC5110(2) Simple Recuperative cycle
T, = 350°C
Heat source: 025
Flue gases at T = 450°C and m ;.= 100 kg/s = 0 T
=~ AmmentI T e L
2 02 “> J =
. 3 " - -9 Q’,\ b Zl= 1
Simple Recuperative transcritical cycle i NN
L7} 1~
- 2 015 N
g 0 1%
&5 GCOoOoL PHE ©
\"\ FLUE-OUT _/\—/\_{ _%_
g 0.1 Inlet pressure P, :
TURB o AV 2, =0, 2.36 bars
= w 2,=0.5, 32.74 bars
< yd 2,=0.6, 39.70 bars
RECP ] S 0.05 2,=0.7, 46.92 bars
PUMP z,=0.8, 54.67 bars
4>g—‘ — z,=1 100 bars
2
0
RAD
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
— Pressure ratio
Fy
21
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Thermodynamic power cycles with CO, mixtures working fluid

Working fluid:
CO,-Novec5110

0.16
Heat source:

Flue gases at T = 450°C and 1iy,,,= 100 kg/s 014
0.12

©
Simple Recuperative transcritical cycle = 01

S
& g GCOOL © 0.08

[ FLUE-DP | \"\ — _/\_/\_ {PHE §
ui:) 0.06

TURB "g

|_
0.04

RECP
%"’ % + 0.02
p3 &
RAD O
NS

CO,(1)-NOVEC5110(2) Simple Recuperative cycle
Toax = 350°C

e L Y np—
_______
"—’ e ——-
-
-

1.5 2 2.5 3 3.5
Pressure ratio
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Inlet pressure P, :

z,=0, 2.36 bars

2,=0.5, 32.74 bars
z,=0.6, 39.70 bars
z,=0.7, 46.92 bars
z,=0.8, 54.67 bars
z,=1 100 bars

4.5 5 5.5
22
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Thermodynamic power cycles with CO, mixtures working fluid

*  Working fluid: * Heat source:
CO,—Novec649 Flue gases at T = 450°C and m ;.= 100 kg/s

0.16
CO,(1) -NOVEC649(2) Simple Recuperative cycle CO,(1) -NOVEC649(2) Simple Recuperative cycle
Trmax =350°C 0.14 Tmax = 350°C
e S N e
___________________ 0.12 prils
/0?’ P ey oY —=== g _,4"
w = ot
s 01
6 =
Z 0! <
w2 - =
1y ’}0‘:'_) =1 >
1
» g 0.08 o®
2 O
E v ol
= 0.06 W 46
Inlet pressure Py : 8 1
7;=0, 1.105 bars = “ Inlet pressure P, :
120 =05, 32.57 bars 0.04 2" 2,=0, 1105 bars
/ 7,= 0.6, 39.69 bars o z,=0.5, 32.57 bars
= =0.6 39.69 bars
z,=0.7,  46.99 bars 1y Zy
2,=08, 5458 bars 0.02 ~ 5207, 4699 bars
- 2,=0.8, . ars
a1 100 bars 0 2,=1 100 bars
1.5 2 2.5 3 3.5 4 4.5 5 5.5 1 1.5 2 2.5 3 35 4 4.5 5 5.5
Pressure ratio Pressure ratio
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Comparison of promising thermodynamic cycle results for

Conclusion supercritical CO, and transcritical CO, mixtures power cycles.
w P P_.
W k' H net max min
or mgflutd Ntotal Ntn (kW) (bars) (bars)
* CO,-Novec mixtures show comparable 7.y sCO,
_ . (Simple recuperative 0.132 0.249 5873 400 100
compared to sCO, simple recuperative cycle cycle)
* 3 percentage points higher 1, compared to sCo,
(Recuperative cycle with  0.146 0.219 6464 300 100
recuperative with mass split cycle. mass split)
* Lower expansion in turbine compared to CO0,(0.8)-Novec649 (0.2) 0.108  0.248 4782 273 54.58
CO, power cycles owing to higher molecular C0,(0.8)-Novec5110 (0.2) 0.117 = 0.252 = 5180 246 54.67

mplexity of Novec fluids.
complexity of Novec fluids €0, (0.7)-R134a (0.3)  0.147 = 0.248 6509 200 24.54



Conclusion

Comparison of promising thermodynamic cycle results for
With CO,-R134a mixture working fluid: supercritical CO, and transcritical CO, mixtures power cycles.

P P

net max min

(kW) (bars) (bars)

. Comparable total efficiency is achieved. ) ) 114
Working fluid Ntotal Nth

. 3 percentage points rise in Ny, S

sCO,
obtained Compared to recuperative (Simple recuperative 0.132 0.249 5873 400 100
. _ cycle)
with mass split sCO, cycle. sCO,
Lower maximum operating pressures for (Recuperative cycle with 0.146 0.219 6464 300 100
mass split)
power cycles operating with CO, mixtures. CO,(0.8)-Novec649 (0.2)  0.108  0.248 4782 273 | 54.58
Beneficial in component design point of view
' . C0,(0.8)-Novec5110 (0.2) 0.117 0.252 5180 246 54.67
since lower pressures are proportional to
€O, (0.7)-R134a (0.3)  0.147 0.248 6509 200 24.54

lower mechanical stresses in cycle

components.
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