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Objective

Dynamic optimization model for natural gas processing plant 
units

• Dynamic energy and mass balances
• Phase equilibrium calculations with cubic equation of state
• Hydraulic correlations
• Phase change in countercurrent heat exchanger
• Carbon dioxide precipitation in column
• Phase existence in column

Simultaneous dynamic optimization approach

• Discretization of state and control variables
• Resolution of large-scale Nonlinear Programming problem

Analysis of main variables temporal and spatial profiles
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Natural Gas in Argentina  

Component Feed A Feed B 

Nitrogen 1.44 1.37 

Carbon dioxide 0.65 1.30 

Methane 90.43 89.40 

Ethane 4.61 4.43 

Propane 1.76 2.04 

Butanes 0.77 0.96 

Pentanes+ 0.34 0.50 
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Natural Gas Processing Plants

Provide ethane as raw material for olefin plants (ethylene) 
and petrochemical
High ethylene yield
Minimum by-products
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Natural Gas Plants at Bahia Blanca

LPG 
Gasoline

Residual GasResidual Gas

C3 + C3
=

C4

C5
+

EthaneEthane

EthyleneEthylene

Natural GasNatural Gas NGLNGL

LPG 
Gasoline533533355355

700 700 MtMt/y/y

24 24 MMsmMMsm33/d/d 5 5 MMsmMMsm33/d/d
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Natural Gas Processing Plants

Cryogenic sector (demethanizing), Conventional 
fractionation (deethanizing, depropanizing, debutanizing, 
gasoline stabilization), CO2 removal
Current technology: Turboexpansion (Old technology: 
Absorption)
High pressure 
Cryogenic conditions
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NATURAL GAS PLANT

Pipelines
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Cryogenic Sector

Turboexpander

High
Pressure
Separator 

to deethanizer column

Cryogenic Heat
Exchangers

Demethanizer
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Previous Work

Operating conditions optimization in natural gas 
processing plants (NLP) (Diaz, Serrani, Be Deistegui, Brignole, 1995)

Automatic design and debottlenecking of ethane extraction 
plants (MINLP) (Diaz, Serrani, Bandoni Brignole, 1997)

Thermodynamic model effect on the design and 
optimization of natural gas plants (NLP) (Diaz, Zabaloy, 
Brignole, 1999)

Flexibility of natural gas processing plants - Dual mode 
operation (Bilevel NLP) (Diaz, Bandoni, Brignole, 2002)
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Dynamic Optimization Problem

min Φ(z(tf),y(tf), u(tf), tf , p)
z(t),y(t), u(t), tf , p

st

F(dz(t)/dt ,(z(t), y(t), u(t), p, t)=0
G(z(t) , y(t), u(t), p, t) = 0

zO = z(0) 

z(t) ∈ [zl, zu]          ,    y(t) ∈ [xl, xu]
u(t) ∈ [ul, uu]     ,   p ∈ [pl, pu]    

t, time tf, final time
z, differential variables u, control variables
y, algebraic variables  p, time independent parameters

General Formulation
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Dynamic Optimization Strategy

Nonlinear DAE optimization problem

Discretization of Control and State variables 

Collocation on finite elements

Large-Scale Nonlinear Programming Problem (NLP)

Interior Point Algorithm

Simultaneous Approach Cervantes, Biegler (1998)

Biegler, Cervantes, 
Waechter (2002)
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rSQP Algorithm
Initialization

Linearization
Objective function, constraints 

and gradients at xk

Step for dependent variables (dY)
(Linear system)

Step for independent variables (dZ)
QP in null space (Inequality constraints)

Line search or Trust region

Check Convergence
Optimal 
Solution

dx = YdY + ZdZ

Basis 
selection

QP
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Nonlinear Programming Problem

Application of Barrier method

)(xfmin

0)(s.t    =xc

0        ≥x

∑−
=

n

j
jxlnxfmin

1
)( µ

0)(s.t    =xc

As  µ 0,     x*(µ)  x*

Sequence of barrier problems for decreasing µ values
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Barrier Method Algorithm: Primal-Dual Approach
Initialization

Step for dependent variables (dY)
(Linear system)

Step for independent variables (dZ)
Unconstrained QP in null space

Line search or Trust region

Check Barrier Problem 
Convergence

Check NLP 
Convergence

dx = YdY + ZdZ

Step for dual variables dv

Update µ, ε

Update B

B, µ,ε

No

Update B

Optimal
Solution

QP

BP



16

Turboexpander
Area 203

Area 204 Area 501

High pressure
separator

Heat
Exchangers

Columm

Cryogenic Sector
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Ts2_i = 322 K

ht

V

To
Recompression

To
Turboexpander

Natural Gas

Residual Gas

To Demethanizing
Column

Cryogenic Heat Exchangers and HP Separator

Phase 
Change Horizontal High 

Pressure Separator

Rodriguez, Bandoni, Diaz (2004)

Baffled shell-and-tube single-pass 
countercurrent heat exchangers 

Tubes: residual gas

Shell: natural gas feed

Partial condensation: Second heat 
exchanger
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Energy Balances: Partial Differential Equations System
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Method of Lines

Spatial Discretization: Backward Finite Differences 

for Convection Term ODE System
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Energy Balance at cell i
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ji,j

j
i,j A*

F
v

ρ
=

i = 1, …, N  (cells)
j = tube or shell side

Algebraic Equations (no Phase Change)

G

To
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Residual Gas

HE model            DAE System
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HE Model (Partial Phase Change on Shell Side)

Mass Balance at cell i

i,VLii
i,V  - m - VV

dt
dM

1−=Vapor Phase

i,VLii
i,L  m  - LL

dt
dM

+= −1

j,iij,iij,iij,ii
ij xLyVxLyV

dt
dm

−−+= −−−− 1111

Liquid Phase

Component

Energy Balance at cell i

t
iiiiiiiii

i  + Q*H - V*h - L*H + V*hL
dt

dE
1111 −−−−=

mVL,i: interfacial mass-transport 
rate from vapor to liquid phase

Rodriguez, Bandoni, Diaz (2005)
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HE Model (Partial Phase Change on Shell Side)

Momentum Balance at cell i

i,Li,VLi,erinti,Pi,Vii,Vi
i,Vi,V vmF F v - VvV

dt
)vM(d

−−+= −− 11Vapor Phase

i,wi,Li,VLi,erinti,Pi,Lii,Li
i,Li,L FvmF F v - LvL

dt
)vM(d

−+++= −− 11
Liquid Phase

Algebraic Equations at cell i

Void fraction based on cross-section area
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HE Model (Partial Phase Change on Shell Side)

Driving Force ( ) Tiiiii,P APsPsF θθ −= −− 11

Interfacial shear 
stress
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HE Model (Partial Phase Change on Shell Side)
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Compressibility factor

Residual enthalpies

Fugacity coefficients 

HE Model (Partial Phase Change on Shell Side)
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Turboexpander

Feed: vapor from High Pressure Separator

Polytropic expansion (η = 1.26, natural gas)

Assumption: Static mass and energy balances

Thermodynamic predictions: Soave-Redlich-Kwong

Algebraic equations: Same as Flash

Outlet partially condensed stream: to Demethanizing column

η
η 1−
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P
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iiiii
i LVLVF

dt
dM

−−++= −+ 11

j,iij,iij,iij,iij,ii
ij xLyVxLyVzF

dt
dm

−−++= −−++ 1111 j=1,…,ncomp

( )[ ] iFiiFiiiiiiiiiii
i QsrhHFhLHVhLHV

dt
dE

+−+−−−+= −−++ ϕϕ 11111

Differential Equations at stage i  (1 ≤ i ≤ N)

Demethanizing Column

Diaz, Tonelli, Bandoni, Biegler (2003)

N = 8;  ncomp = 10
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Algebraic Equations
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Vapor volume

Demethanizing Column
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Liquid holdup and hydraulic correlations 

Demethanizing Column
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Phase Equilibrium

Carbon dioxide solubility constraints

S
CO,i

L
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V
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Demethanizing Column
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To avoid CO2 precipitation
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Solid phase
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Gibbs Free Energy minimization at stage  i

Demethanizing Column: Phase Existence

Raghunathan, Diaz, Biegler (2004)

Karush Kuhn Tucker conditions

Raghunathan, Biegler (2003)

MPECs (Mathematical Program with Equilibrium Constraints)

as additional constraints ( x.y = 0; x,y≥0)

IPOPT-C under AMPL 
(x.y ≤ δµ)
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Demethanizing Column: Phase Existence

Relaxed Equilibrium Conditions
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Demethanizing Column: Phase Existence

Liquid Holdup and Hydraulic correlations
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Numerical Results
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Optimization variables: G, L

20 elements

2 collocation points

18274 disc. variables

18 iter. (3 barrier problems)

Numerical Results: HEs + HPS
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Numerical Results: HEs + HPS

Optimization variables: G, L
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Temp. profile, tubes side Temp. profile, shell side
(no phase change)

Numerical Results: HEs + HPS
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Pressure profile, shell side Liquid flowrate, shell side

Numerical Results: HEs + HPS
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Numerical Results: Demethanizer
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Numerical Results: Demethanizer
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Numerical Results: Demethanizer
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Numerical Results: Demethanizer
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Numerical Results: Demethanizer Start Up 

MPECs

Optimization variable: 

PTOP, QR

Three time periods

Ideal Gas, Ideal solution
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Numerical Results: Demethanizer Start Up 

MPECs

Optimization variable: 

PTOP, QR
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Boiler Dynamic Optimization

Rodriguez, Bandoni, Diaz (2005b)

E-1

Combustion
Chamber

Natural Gas Furnace Gas

Air

Superheater RISER 1 RISER 2

High Pressure Steam

Flue Gas

Feed Water

Dynamic optimization model to 
determine controller parameters

Boiler

Combustion chamber

Risers 

Superheater

Steam drum

Gas path

PI Controller 

(Liquid level in drum)

Manipulated: Feed water flowrate
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Boiler Dynamic Optimization

DAE Optimization model
Differential equations
• Momentum and energy balances in risers and superheater
• Mass and energy balances in drum
• Integral part of controller and valve equation

Algebraic equations
• Friction loss
• Mixture properties
• Vapor holdup in drum
• Gas – temperature distribution equations in furnace, risers ans

superheaters (6 eqns.)
• Air / fuel ratio 
• Drum geometric relations (5 eqns.)
• Steam tables correlations for saturated and high pressure steam 

density, pressure and enthalpy 
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Boiler Dynamic Optimization

DAE Optimization model
Optimization variables
• PI controller parameters

Step change in high pressure steam demand

Additional PI controllers (current work)
• Outlet steam pressure (fuel gas flowrate)
• Superheated steam temperature (air excess)

0 200 400 600 800 1000

22

24

26

28

30

32

Fe
ed

 W
at

er
 F

lo
w

ra
te

 (l
b/

s)

Time (s)
0 200 400 600 800 1000

-4

-2

0

2

4

6

Li
qu

id
 L

ev
el

 D
ru

m
 (f

t)

Time (s)



53

Conclusions

Rigorous dynamic optimization models for cryogenic train in 
Natural Gas Processing plant within a simultaneous approach

Thermodynamic models with cubic equation of state

Carbon dioxide solubility addressed in both liquid and vapor phases 
as path constraints, at each column stage

Phase detection through the first order optimality conditions for 
Gibbs free energy minimization (MPECs)

Boiler dynamic model for controller parameters

Simultaneous approach provides efficient framework for the 
formulation and resolution of DAE optimization problems for 
large-scale real plants
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Appendix: Soave Redlich Kwong Equation of State
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Appendix: Soave Redlich Kwong Equation of State
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