% P TE Carnegie Mellon , Chemical

CCSI | I e Engineering
PR ENGINEERING ZNZTL E=8

Carbon Capture Simulation Initiati e
CARMEGIE INSTITUTE OF TECHNOLOGY

Process Synthesis without Integer Variables:
Using Complementarity Constraints for

Thermodynamic & Distillation Models

Alex Dowling, Cheshta Balwani & Larry Biegler

Carnegie Mellon University

AIChE Annual Meeting
November 18t 2014



Presenter
Presentation Notes
19 minute timeslot


Agenda

1. Motivation: Oxy-fired Power Plant Optimization
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Motivation

Develop framework for full oxycombustion
power plant optimization

— Estimate cost of electricity with carbon
capture

— Balance trade-offs between systems

Oxycombustion Power Plant
1. Air Separation Unit

2. Boller

3. Steam Turbines

4. Pollution Controls

5. CO, Compression Train
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Classic MINLP
@/“ e Optimize number of trays and/or

Image from Viswanathan & Grossmann

feed location

e Disable trays above reflux and
below reboll feeds

« Binary variable ensures only one
tray selected for reboller/reflux

feed(s)

Pioneered by:

Viswanathan, J., & Grossmann, I. E. (1990). A Combined Penalty Function
and Outer-Approximation Method for MINLP Optimization. Computers &
Chemical Engineering, 14(7), 769-782.



Mass Balance:

Equilibrium:
Summation:
Heat Balance:

Number of Trays = };; €

& =

Liquid Mixer:
Liquid Mixer:
Vapor Mixer:
Vapor Mixer:

Bypassed Flowrate (1'8i )Li+1

MESH with Tray Bypass

Xiv1Livi ¥y Vici =x;L; + y{V;, Vi €{Trays},Vc € {Comps.}
yi = K{x{, Yi,c

ZCYiC o xlc =0, Vi

Hiw1Liv1 + H Vi = HiL; + HV,

Livy v,

Total Flowrate

e |

) . — Y -T2 T R ——
xiLi= (1 —¢&) xi4qLiy1 + & x;L;
HiLi = (1—&) Hiy1Lios + & HiL; L Via /
yiV, = (1—¢ Vii + & vV,
D YEaVier + & VS (1-&)Vi4
HYV;= (1— &) HY \Vioq + & HYV,



Case Study: Simple Cascade

] out
Vapor-liquid equilibrium: y. = K x eI rective Ycout
. . x
Binary separation ¢
K effective
Two stages Constant ~ e ‘ ‘ \
0.9F | 5 2.5,

0.8k 1.5 \
-j' E 0_7\1 \ |
Tray 2 06/ 15 1

3 -
I ~
: : %
: - :
L= I ;o.s—\ |
- o= §047 0.5
i T
: Tray 1 | )
| - 2r
= e =N \
. .. . . o 00 02 Eﬁ':icrenq of Stage 1
Conclusion: Mixing is inefficient. g +e =1

Conjecture: Integer solutions are preferred.

Dowling, A. W., & Biegler, L. T. (2014). 24th European Symposium on Computer Aided Process
Engineering. Computer Aided Chemical Engineering (Vol. 33, pp. 55-60). 8



e Many different column
configurations realizable

-

High
S

Pressure
Column

 NLP optimizer selects '

Multistream

the best configuration Heat

Exchanger




=\ Optimization Formulation

ASU Compression Energy
(kWh / kg O5 product)

min

s.t. Flowsheet Superstructure
Peng-Robinson Thermodynamics
Unit Operation Models
Distillation Model
Heat Integration
O4 product purity > 95 mol%
Complementarity Constraints (thermo, etc.)

Note: Upper and lower bounds not shown above are considered for
many variables including stream/equipment temperatures and pressures. *°



Non-convex problem
— 16,000 variables & constraints

Penalty formulation for
complementarity constraints

Automated initialization
— Simple = complex models
— Custom multistart procedure

Solved using CONOPT3 In
GAMS

— 16 CPU minutes average for
seguence on NLPs

Implementation Details

ldeal Thermo &
Shortcut Cascade

L 2

CEOS Thermo &
Shortcut Cascade

R 2

CEOS Thermo &
MESH Cascade

R 2

Decompose Heat
Exchange Units &
Reoptimize

11
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Multi-start Initialization

Concern: Mixers (bypass) and complementarities
(thermodynamics) add non-convexities

Top 50 Solutions Al "Guality” Cptimal Solutions

1.06 3.9

“Quality” Solution
5 5 5  Self heat integrated
b ............. ............. ............ | ° NO J_ Vlolatlon

1.05F

= =

= o .

Sl g _ » Locally optimal

= = : : :

L|_ L|_ 25 ............. . ............. ............

€ : : el : : : e e .

2 b i S ] £ . : | 288 initial points

o | | | | @ | | | : :

2 | | S| .| (actorial design)

ERLT - S 7 S — 13 : : : considered in 7 hours

0 : : : : S S ] o e
T SRR » - SR J—- ] 1.5 5 | Careful initialization

allows for many
“quality” solutions

0 10 z0 30 40 50 0 50 100 150 zon
Sorted Solution Number sorted Solution Number

Out of the best 150 solutions, only 11 (7.3%) have partially bypassed trays. 12



Framework for EO Flowsheet Optimization
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TN
Vapor or V,y
Liquid — |
F. z

—» Liquid

N Tz

F=L+V
Fz.= Lx.+ Vy., Vce{Comps}
FHF +Q=rLHL+vHY  + Enthalpy balance
ye = K (T, P,x,y)z, ks Equilibrium
0 <z y.<1
0<LVSF

} Mole balances

Raghunathan, A. U., & Biegler, L. T. (2003). Comp. &
Chem. Eng. 27, 1381-1392.

Biegler, L.T. (2010). Nonlinear Programming. Ch. 11.

14



Flash Calculations

) Complementarity Constraints
Vapor or ,
Liquid O0<zy Lx2>0
F, z " Liquid r1 = 0 “inclusive OR” 29 =0
L,z
F=L+V 0<isyil V>0
Fz.=Lx.+Vy., Vce{Comps} 0 S s;L L>0
FHP + 0= LH" + VEY
ye = B K (T, P,z,y)z. Slack variables for outlet
streams
0<zey.<1 3
—s, < p—1<.
OEL,VSF S, = | 1_9V

2-phase outlet: (=1

Raghunathan, A. U., & Biegler, L. T. (2003). Comp. & _
Chem. Eng. 27, 1381-1392. Vapor only outlet: 5 >1

Liquid only outlet: 5 <1

Biegler, L.T. (2010). Nonlinear Programming. Ch. 11. 15



Cubic Equations of State

Analytic formulas for physical properties

H = fh(xavavP) S = fs(ajava?P) ¢C — fébac(x?y’T’P)

Popular for general process modeling

Ex: Peng—Robinson, Soave—Redlich—-Kwong

Three roots for Z

L

f-(Z) =0 )
_ . EOS Specific Constants: u, w, a, b
z= 2V, _aawT)PT?  bPT IpP'tDt' T
BT = T2 p ) ritical Point Data: T, P
Other Component Data: W

Not shown: mixing rules
16



Roots for Z

1 or 3 distinct real solutions for f,(Z) = 0 depending on (T, P, X, y)

1:z(Z)/

Single

Root
Liquid

fz(z)/

Single

7

Root
Vapor

f(2)n Erroneous
Three / /
Roots /<\\/ \

Liquid Vapor

150

Pressure (bar)

(=]
(=]

o
[=]

250 300 350 400

Temperature (K) 17



Challenge: Root Selection

Process simulators use heuristics, loops and
conditional statements to select roots

— Not differentiable

Kamath et al proposed an equation-based

approach Liquid Vapor
f(2) Erroneous
AL)IA / / fz(ZL):O fZ(ZV):O
Roos <\\/\>z fl(Zr) >0 fl(Zv) >0
/ Liquid vapor  f2(ZL) <0  fl(Zv) >0

Kamath, R. S., Biegler, L. T., & Grossmann, I. E. (2010). Comp. & Chem. Eng., 34(12), 2085—-2096.

18



Challenge: Root Selection

A—»Vapor 0<sy LV =0
Vapor or V,
Liquid ) ’ 0<s, LL=>0
F z — Liquid
= Lo —sp, <B—1<sy

Kamath et al proposed an equation-based

approach Liquid Vapor
£(2), Erroneous

‘ f(Z1) =0 f:(Zy) =0
e /\/ />z fi(Zr) =0 fiZv) =0
Roots /\ \/\

Liquid vapor [ (Zr) < Msy f/(Zv) > —Msy

Kamath, R. S., Biegler, L. T., & Grossmann, I. E. (2010). Comp. & Chem. Eng., 34(12), 2085—-2096. 19



Single Root Region

CENTER

Conjecture: f/(Z;) <0 and f(Zy) > 0 also apply
in the single root region

3 roots o 1root
A Vapor / A Liquid /
f ,4-"' f
S ==
|
I
|
" 1 root : A
f _ ___-_,.--""'H | f
s |
|
-

Kamath, R. S., Biegler, L. T., & Grossmann, I. E. (2010). Comp. & Chem. Eng., 34(12), 2085—-2096. 20



Supercritical Region

Issue 1: Conjecture fails in the supercritical region

Kamath et al formulation Aspen Plus®
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Proposed Reformulation

o1 5 Region 1: Relax f,”(Z) = Always liquid
- === =B ritical Poine REDION 2 Relax 1,(Z) > Always vapor
3 . i Region 3: f,”(Z) conditions holds >
‘‘‘‘‘‘‘‘‘‘‘‘ — f;’(Zl: 0 possible 2-phase

Region2: T >T Region1l: T <T and P> P
T—T =s%— s} 0<7—(P-P)L7—(T-T)>0
0<s%1sh>0 T =5%— s

When s > 0, 0 <sf Lsy>0

relax f'(Z) When s} > 0, relax f/(Z)
0<s3 L L>0 0<s? 1LV >0

FA(ZL) < M(sp+s5+s%)  f(Zv) 2 —M(sy + 5 +51) =

z



Critical Point Calculations

Need formula for T and P consistent with mixing rules

o — Z Z v /aiag (1 — }_f%',j) p; and t; are component
J

- critial properties

— Z LL’@b?‘/
?; Solve for T" and P
T a}?’ﬂ(::P:) B bm"‘\) &RQt_? s BRt_@
A —(“‘_gj?RQ B = _’A_k’:f? a; = p_z Q{(w?ﬁa t?;j(\lz:» bz — p_@
7 A B
Peng-Robinson | 0.30740... 0.45724... 0.077796...
SRK = 0.42748...  0.086640...

23



maximize P

s.t. f:(Z)=0

- ()20
LIC]UId , f/((Z)) <0
Phase TZ: 250 K
LCO, = 0.97

TN, = To, = T, = 0.01
P < 150 bar

Solution: P = 144.6 bar

—>.—> Super/near-critical
Co,

150

100

o~ Liquid _
= (1 Root Region) - Vapor
P j (1 Root Region)
5
/7]
7]
Q
o
50
S00 250 300 350 400

Temperature (K)

24



Super/near-critical
CO,

Pure Carbon-dioxide

L Ly T T e I T L)
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Spurious Phase Equilibrium Solutions

Issue 2: Complementarities allow for K =1, # = 1 solutions

Example: Consider a liquid stream

f”(ZL) S O, S, — O

z

Yy<—x
Copy to
TV «T" | vapor
PV — PL Stream
Therefore
4y, =2y
L Vv
gbc — gbc
¢L
K.="% =1
oY

Check VLE equations
sy >0, V=0
fl(Zv) > —Msy

OgSvJ_VZO

yczﬁchca 6:1
—sr, < —-1<sy

Vapor  f(Zy) <0
T > Thubbie

Liquid

Ly Y

26



Bubble & Dew Point Calculations

Strategy: Introduce shadow stream pairs for BP/DP calculations

Consider a liquid stream with

properties T', P, x Liquid Streams

o T < TP z)+ Msy
Create liquid and vapor shadow

streams with properties T° b“b, D, T, Y

Vapor Streams

r =2
p="F T >T*"(Py)+ Msy
Ye ¢ (T, 9) = e @7 (T, T)

_ _ _ N Implementation note:
Bubble point calculations without complementarities Typically only necessary for

- Previous pathway to K = 1 solutions not possible a few trouble streams

27



Case Study: CO, Processing Unit

Minimize Shaft Work + 0.01 Qqgjing water
using Peng-Robison thermodynamics

83.5% CO,

Multistream
330 K S601 s602 s604 s606
1 O 3 b ar 5603 605 5607 h e at
. HX601 HXB02 exchanger

P
HHHHHHHHHH

150 bar
CO, Recovery 2 96.3% _..
CO, Purity 2 94.6%

Based on two-flash system from Fu, C. & Gundersen, T. (2012). Int. J. of Green. Gas Control, 9, 419-727. 28



Computational Results

Remainder of CPU included in optimization problems, but not shown
Pump High Purity CO,
150 bar -~

5670 5668 5666 5664 5662 5660 m_ 5658

5671 669 S667 5665 663 " 5661 "~ 5659

P611 HX618 HX617 HX616 P610 HX615

T

CO, compression train

Supercritical Region Correction
Phase Stability | No Streams Pump Inlet and Outlet Only CO5 Compress. Train
No Streams 11.7% 65.6% 65.6%
73.7 sec 72.8 sec 70.2 sec
A Streams 10.2% 50.0% 54.7%
79.3 sec 90.3 sec 96.8 sec
S St reamms 12.5% 39.5% 49.6%
198.9 sec 123.8 sec 90.74 sec
Top: Fraction of problems terminating at “good” solutions using multi-start init.

Bottom: Average CPU time for “good” solutions
“Good” solution criteria: No L violations, Q}/#E% < 0.1, Q, < 0.1 29




 New NLP distillation model using tray bypasses
— Tends to prefer integer solutions

Liquid
(1 Root Region) Vapor
(1 Root Region)

Pressure (bar)

 Reformulation with complementarity constraints
for correct phase prediction in supercritical
region

« Embedded bubble/dew point calculations to
avoid spurious (K = 1) phase equilibrium
solutions

e Ongoing work: link cryogenic system models
with boiler and steam cycle models

Funding: --:{ CCSl INSTL

Carbon Capture Simulation Initiative

This presentation was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



o (Tg, Pg)
2
>T
Point A
T<T,P>P
r—P—-P=0

T—(T-T)>0
T<0—=54=0, s? >0

Forced
Relaxation

Example: Region 1

Region1: T<T and P> P
0<7—(P-P)L7—(T-T)>0

=5 -5 0<s{Ls)>0

When s} > 0, relax f/(7)

31



.
Py
Py
.
Py

(TB’ PB)

0
*
*
*
.
.
.
.
.
* 17 2
.
.
““““
.
[ L
s ®

L >T

Point A
T<T,P>P

T—P—P=0
T—(T-T)>0
T<0—=54=0, s? >0

Forced
Relaxation

Example: Region 1 Relaxation

Region1: T<T and P> P
0<7—(P-P)L7—(T-T)>0

T=50 -5, 0<s9Lsh>0

When s} > 0, relax f/(7)

Point B
T>T,P<P
r— P—P>0
T—(T—-T)=0

T>0—>54>0, s2=0

No Relaxation

32



290

270

250

N N
[y w
o o

Specific Energy
(KWh/tonne)

170

150

88%

® This Study
= NETL (2010) - Low Energy

O, Purity Sensitivity

.. .................................. ..- .......................
y = 227.62x - 20.288
R2 = 0.9966

This Study: AT,,,;,, =
1.5-K

89% 90% 91% 92% 93% 94% 95% 96% 97%

Oxygen P

A Xiong et al (2011)

——Linear (Amann et al (2009))

urity (mole %)

O NETL (2010) - Low Capital
¢ Amannetal (2009) e Linear (This Study)



Proposed Reformulation
4 1 I 1 . b} ) . -
.......................... e (2) =0 Region 1: Relax f,”(Z) - Always liquid
R s ® Critical Point R€GION 2: Relax f,"(Z) > Always

3 A 5 vapor
----------------- ! Region 3: f,”(Z) conditions holds =

1 >-|- .
B possible 2-phase
Region 2: T'> T
T—T =s%— s} Complementarity Constraints
0 <s5Lss>0 0<z Lap>0
r1 = 0 “inclusive OR” x5 =0
When s§ > 0,

relax f'(Z)
0<s5 LL>0

34



Proposed Reformulation

A 1 ! . , .
............................ :}<_f;'(2) 4 Region 1: Relax f,”(Z) - Always liquid
P F------- ®critical point R€QION 2: Relax ,”(Z) > Always vapor
3 : 2 Region 3: f,”(Z) conditions holds -
................. : pOSSIble 2_phase
>T

Region2: T'>T Region1: T <T and P > P
T—T:Sg—sg T:min(p—P,T—T)
0<s%1Lsh>0 T =5%— s

When s§ > 0, 0<st Ls]>0

relax f7(Z) When s¢ > 0, relax f/(7)
O<sy LL=0 0<s) LV >0

f(Z) < M(sp, + 55 + %) f(Zyv) > —M(sy + 8§ +s%) s



Proposed Reformulation

4 1 I : . 1 . .
............................ :}<_f;'(2) 4 Region 1: Relax f,”(Z) - Always liquid
———————— ®critical point REgION 2: Relax f,”(Z) - Always vapor

35 5 Region 3: f,”(Z) conditions holds -
................ I pOSSible 2-phase

. -
Region2: T'>T Region1: T < T and P > P
T—T =s%— s} 0<7—(P-P)L7—(T-T)>0
0<s%1sh>0 T=s] s

When 5§ > 0, 0<sfLsy>0

relax f.(Z) When s > 0, relax f//(Z)
0<s§ 1L L>0 0<s8LV>0

fU(ZL) < M(sp+ s§ +s9) f2(Zy) > —M(sy + 55+ s7) =



Critical Point Calculations

Need formula for T and P consistent with mixing rules

a™ = Z Z:E@:l?j\/a@aj(l ~kij) i,j € {Components}
?; ‘7 —

ki ; are binary inter. param.

b’ = Z x;b; a; and b; are for pure comps.

Critical Point Definition:

T 5, iy (9o
p N )y
P\ _, 0
ove ).~ gzz ) =V
> I A,B




Critical Point Calculations

Need formula for T and P consistent with mixing rules

a" = Z Z:m:vj\/a@aj(l —kij) ije {Components}
S l_fw- are binary inter. param.

b’ = Z x;b; a; and b; are for pure comps.

f(Z)=0
f'(Z2) =32 =201+ B —uB)Z+ A+ wB?> —uB —uB* =0
f"(Z2)=6Z—2(1+B—uB) =0

Z A B
Peng-Robinson | 0.30740... 0.45724... 0.077796...

SRK = 0.42748...  0.086640...

38



Critical Point Calculations

Need formula for T and P consistent with mixing rules

o — Z Z v /aiag (1 — }_f%',j) p; and t; are component
J

- critial properties

— Z LL’@b?‘/
?; Solve for T" and P
T a}?’ﬂ(::P:) B bm"‘\) &RQt_? s BRt_@
A —(“‘_gj?RQ B = _’A_k’:f? a; = p_z Q{(w?ﬁa t?;j(\lz:» bz — p_@
7 A B
Peng-Robinson | 0.30740... 0.45724... 0.077796...
SRK = 0.42748...  0.086640...

39



Proof: f’(Z) Condition

Assumption: Three distinct real roots exist

f(2)=2° 4+ a1 Z% + a2 Z + a3 From differentiation:
F(Z) = (Z—ri)(Z—ra)(Z—ry)  FZ) =67+ 2,
ar = =(rp +ru+rv) By definition:
as =Ty + Ty +TryTrr rr <ry < rv
a3 = —TLrpMTV
Liquid Case Vapor Case
fl(rp) = 6rp + 2ay 1 (ry) = 6ry + 2a
fl(rp) =6rp —2(rp +rar +rv) [ (rv) =6rv —2(rp + 71y +1v)
fry) =4dry — 2ry — 21y f(ry) =4dry — 2ry — 2rp,
fl(re) <0 fl(rv) >0

Kamath, R. S., Biegler, L. T., & Grossmann, I. E. (2010). Comp. & Chem. Eng., 34(12), 2085—-2096. 40



Proof: (Z) Condition

Assumption: Three distinct real roots exist
From differentiation: f/(Z) = 3Z% + 2a1Z + as
Liquid Case
f;(”“L) — 7"% —Tyrp —TrLTM T TVTM
!/

fo(rn) = l('I“L —rar)(rn — TV?

J \

<0 <0 By definition:
fi(rr) >0 rL STyM STy
Vapor Case

f;("“V) — 7"12/ —TyrL —Tvrym +TLTM
forv) = (rv —rar)(rv —7r)
fi(rv) =0
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