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Skogestad plantwide control procedure’

| Top Down S(hdkl)%
« Step 1: Identify degrees of freedom (MVs) ,
« Step 2: Define operational objectives (optimal operation) 5it**-“fid(Eé;r;f;mimtiﬂﬂ
— Cost function J (to be minimized)
— Operational constraints . \\I |
» Step 3: Select primary controlled variables CV1s (Self-optimizing) Local optimization

(hour)

» Step 4: Where set the production rate? (Inventory control)

|| Bottom Up

: —Spervisory
« Step 5: Regulatory / stabilizing control (PID layer) i coutrol
— What more to control (CV2s; local CVs)? C(l;y;:
— Pairing of inputs and outputs ik
« Step 6: Supervisory control (MPC layer) contro!

- Step 7: Real-time optimization
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Optimal Operation

Mode |I: maximize efficiency

Mode II: maximize throughput

Self-optimizing control is when we can achieve acceptable
loss with constant setpoint values for the controlled variables
without the need to reoptimize the plant when disturbances
occur
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Selection of CVs: Self-optimizing control procedure

Step 3-1: Define an objective function and constraints

Step 3-2: Degrees of freedom (DOFs)

Step 3-3: Disturbances

Step 3-4: Optimization (nominally and with disturbances)

Step 3-5: Identification of controlled variables (CVs) for
unconstrained DOFs

Step 3-6: Evaluation of loss
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Exact local method™ for selection the best CVs

Exact local method gives the maximum loss imposed by each candidate CV set

The set with the minimum worst-case loss is the best

1
max. Loss= EE(M)2

M=12G*" (FW, W,)

F=G*J.J -G}

opt.
F is optimal sensitivity of the measurements with respect to disturbances; F= yd
A
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* |.J. Halvorsen, S. Skogestad, J.C. Morud and V. Alstad, @ NTNU
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‘optimal selection of controlled variables’ Ind. Eng. Chem. Res., 42 (14), 3273-3284 (2003)
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A simple flowsheet of GTL process®

Flue Gas
CO+H,+CH,
'+ Tail Gas Recycle
? CO,

CO+H, (CHy), (CHy),

CH
4 Synthesi Praduct
— TS —  Synthasis  |— .
Natural ! Gas Prep. | synthesis Raw Upgrading | gjngl
Gas 5 Gas Froduct FProduct
Off-gas for Fuel
NTNU
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* Rostrup-Nielsen, J., |. Dybkjaer, et al. (2000). "Synthesis gas for large scale Fischer-Tropsch Science and Technology

synthesis." American Chemical Society, Division of Petroleum Chemistry, Preprints 45(2): 186-189
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Process description

Synthesis gas unit

*  Pre-reformer
*  Auto-thermal reformer (ATR)

. Fired heater

CO, removal (optional)

Fischer-Tropsch (FT) reactor: slurry bubble column reactor

Fischer-Tropsch products separation

NTNU
Norwegian University of
Science and Technology

LY
www.ntnhu.no Y M. Panahi, S. Skogestad ’ Controlled Variables Selection for a Natural Gas to Liquids (GTL) process’




Detailed flowsheet of GTL process (UniSim)

3000kPa 2500kPa .
< - Tail Gas
Compressor | i 10846 kmol/hr
0.47 MW |—Compressor Il
Recycle Tail
ecycle Tai
CO,
gas to FT
Natural Gas 906 kmol/hr 7762 kmol/hr Vapor _
8195 kmollhr - Oxygen(from ASU) 2700 kPa 210°C -
CH,:0.955 — <
C,H;:0.030 - 5190 kmol/hr 2500 kPa I_>
C3Hi0.005 ' fesre E D s000kPa 2700 kP MP
;—2(::6:!)16,‘:;0.004 200°C 6. 3 a 7 210°C FT | Steam —
> “675°c. o G,E Reactor .
A o V-1 Light b rge to fired
| AP=£(Q) Heater Water | | Epds J
i ‘ heater (as fuel)
* = Steam Drum 325 kmol/hr
. Water - \ 4
Liquid
Pre-Reformer . q 3Phase)
Fired Separator Liquid fuels to
Steam Natural Gas Heater ) . upgrading unit: 751 kmothr
(fuel) Autoth 1 cl .3 (144 m¥hr)
utotherma vol. mole fractions:
Reformer 32¥7|}(ga"sh § LPG: 0.0525
mol/hr s Naphtha/Gasoline: 0.3759
(ATR) 7] Diesel: 0.3156
Wax: 0.2257
HP Saturatied I —p Water
Steam Water 8560 kmol/hr
906 kmol/hr
Extra
Steam
To fired heater (not shown)
to produce superheat steam
4896 kmol/hr *
_ 455°C, 3000 kPa
< { ASU .
Turbines
Superheated
Steam
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Pre-reformer reactions
Converting higher hydrocarbons

than methane, For n>2 C.H_+nH,0 > (n +g)H2+nCO
Methanation CO+3H, <> CH,+H,0
Shift Reaction CO+H,0 <> CO,+H,

Auto-thermal reformer (ATR) reactions

Oxidation of methane: CH, +%o2 <>CO+2H,0
Steam reforming of methane: CH, +H,0 < CO+3H,

Shift Reaction: CO+H,0-CO, +H,

Fischer-Tropsch (FT) reactions
nCO+2nH, — (-CH,-), +nH,0

NTNU
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Fired heater

1. Preheating the following streams to 455°C.:
- fresh natural gas (pre-reformer feed)
- recycle hydrocarbons from FT reactor (pre-reformer feed)

2. Generate super heated process steam (pre-reformer feed) and the
super heated steam for driving the turbines in oxygen plant.

3. Preheating the outlet gas from the pre-reformer to 675°C
4. Preheating oxygen to 200°C

5. 10% of the total fired heater duty is assumed to be used to supply
superheated steam for other mechanical equipment in the process.

The required fuel for the fired heater is supplied by the combustible
components in the purge stream plus some fresh natural gas.
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Fischer-Tropsch (FT) reactor

Simulation of a slurry bubble column reactor (SBCR)

Reactions: nCO+2nH, — (-CH,-), +nH,O

Kinetics (the model developed by Iglesia et al'): i, = o afeo sl
. r —_ 2 4
inetics (the model developed by Iglesia et al'):ta., 1+3.3x10°P,,  g-atom surface metal. s
1.96x107°P, *°P,*® mol,
Ieo = ;
1+3.3x107° P, g-atom surface metal. s

FT products distribution (ASF model): w,=n(l-a)’a""
o =(0.2332—J© 1 0.633)[1-0.0039(T —533)]

Yeo T Yu,

41 reactions: 21 reactions for C_H,, ,, and 20 reactions for C_H,_
FT products: C,, C,, C5;-C, (LPG), Cs-C,, (Naphtha, Gasoline), C,,-C,, (Diesel), C,,, (wax)

*Iglesia, E.; Reyes, S. C.; Soled, S. L. Reaction-Transport selectivity models and the design of fischer-tropsch
catalysts. Computer-aided design of catalysts, Becker R. E. ; Pereira. C. J. eds.,1993;199-257. S—

Norwegian University of
**Song, H.-S.; Ramkrishna, D.; Trinh, S.; Wright, H. Operating strategies for Fischer-Tropsch Science and Technology
reactors: A model-directed study. Korean Journal of Chemical Engineering 2004, 21, 2, 308-317
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FT Products distribution in our simulated reactor

1.00
0.90 - —o— wt% CH4
—m—wit% C2
0.80 - %
——wt% C3-C4
= 0.70 7 —a— wt% C5-C11
E 0.60 - ——wit% C12-C20
= 0.50 —a—wt% C21+
=
B0 0.40 -
W
= 0.30 -
0.20 -
0.10 -
0.00 ] —l— T I T T
1.00 1.20 1.40 1.60 1.80 2.00 2.20

H2/CO
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Mode I: Natural gas flowrate is given

Step 1: Define the objective function and constraints

Variables income = sales revenue — variable cost
Variable cost=cost of raw materials + cost of energy + cost of CO, removal

Inequality Constraints

1. Steam/Carbon ratio feed to the syngas unit = 0.3 (soot free operation),

2. Inlet temperature of ATR (outlet of fired heater) < 675°C (material constraint),

3. Outlet of ATR<1030°C. (soot free operation),

4. Purge ratio = 2% (convergence issues),

5. In addition, there are capacity constraints on the variable units; fired heater (duty
+40% compared to nominal), CO, recovery unit (+20% feedrate), oxygen plant
(+20% oxygen flowrate).

NTNU
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Equality Constraints (Specs)

1. Fresh natural gas + recycle hydrocarbons temperature to pre-reformer is kept at
455°C,

2. Steam temperature to pre-reformer is kept at 455°C
3. Oxygen feed temperature to ATR is kept at 200°C,

4. Feed enters into syngas unit at 30 bar. Note that the pressure of the fresh streams
are set in other units which are out of the our flowsheet boundary,

5. Fresh Syngas from ATR (after passing the boiler) is cooled down to 38°C for
separation of water content,

6. Syngas enters into the FT reactor at 210°C,

7. Boling water pressure (cooling medium of FT reactor) is kept at 12.5 bar. This gives
a gradient of 20°C between FT desired temperature (210°C) and the coolant

(190°C).
8. FT products are cooled down to 30°C in a 3-phase separator to separate liquid
fuels, water and tail gas, NTNU
N ian University of
9. Recycle tail gas to FT reactor is compressed to 27 bar, @ Selerice and %‘éiﬁféi’égy
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Step 2: Identify degrees of freedom (DOFs) for

www.nthu.no

optimization
1. H,O (superheat steam) feedrate to pre-reformer (H,O/C),
2. Superheat steam bypass stream flowrate,
3. Natural gas feedrate as fuel (make up) to the fired heater,
4. Natural gas + recycle hydrocarbons bypass stream flowrate,
5. Oxygen feedrate to ATR,
6. Oxygen bypass stream flowrate,

7. Separator duty for separation of water content in fresh syngas,

NTNU
Norwegian University of
Science and Technology

L
\‘ M. Panahi, S. Skogestad ' Controlled Variables Selection for a Natural Gas to Liquids (GTL) process’




Step 2: Identify degrees of freedom (DOFs) for
optimization

8. CO, recovery%,

9. Syngas pre-heater duty (the flow stream entering into the FT
reactor),

10. Outlet medium pressure (MP) steam flowrate of steam drum,
11. 3-Phase separator duty for separation of FT products,

12. Tail gas recycle ratio to FT reactor and syngas unit,

13. Compressor |l duty (the recycle tail gas flow to FT reactor),

14. Recycle tail gas purge ratio,

Norwegian University of
Science and Technology

15. Compressor | duty (recycle tail gas to syngas)@ NTNU
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Step 3: Identification of important disturbances

Natural gas flowrate,

Natural gas composition,
Natural gas price,

FT reactions kinetic parameter,

Change in active constraints value.
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Step 4. Optimization

MIXED method: combines the advantage of global optimization of BOX and
efficiency of SQP method

Active constraints:

1. the outlet temperature of the fired heater is active at the maximum (675°C),
2. the outlet temperature of the ATR is active at the maximum (1030°C),

3. purge ratio is active at the specified minimum, which is to purge 3%.

Optimal nominal values

H./CO CO conversion H,, conversion iacti
co, Regycle Purge H,/CO 2 2 Carbon Object_lve
H,0/C 0,/IC Recover ratio to of fresh into per a Efficienc function
y FT tail gas res FT pass overall | perpass | overall Y| (usbihr

0.6010 0.5233 75.73% 73.79% 3% 21 2.03 85.74% | 95.50% | 89.93% 96.92% | 0.87 74.59% 49293

15 degrees of freedom, 9 equality constraints and 3 active constraints:

unconstrained degrees of freedom: 15 -9 — 3 = 3, which may be viewed as:

_ _ NTNU
H,O/C, CO, recovery, tail gas recycle ratio to FT reactor B Norwegian University of

Science and Technology
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Step 5. Identification of candidate controlled variables

18 candidate measurements including the three unconstrained degrees of freedom
18

( j _ 18t 816
3 315!

1- O,/C feed (y,)

2- H,O/C feed (y,)

3- CO, recovery% (y;)

4- recycled tail gas ratio to FT reactor (y,)

5- H,/CO in fresh syngas (y;)

6- H,/CO in tail gas (y,)

7- H,/CO into FT reactor (y-)

8- H, mole fraction in fresh syngas (y;)

9- CO mole fraction in fresh syngas (y,)

10- CH, mole fraction in fresh syngas (y,,)

11- H, mole fraction in tail gas (y,,)

12- CO mole fraction in tail gas (y,,)

13- CH, mole fraction in tail gas (y,,)

14- H, mole fraction into FT reactor (y,,)

15- CO mole fraction into FT reactor (y,5)

16- fresh syngas flowrate (y,) @ ﬁgﬁv[égian Uiiverstiyal
17- tail gas flowrate to syngas unit (y,-) Science and Technology
18- tail gas flowrate to FT reactor (y,g)

.
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Step 6. Selection of CVs

Exact local method for selection of the best CVs

a) Individual measurements
b) Combination of measurements

The set with the minimum worst-case loss is the best
self-optimizing CV set

Applying a branch and bound algorithm

NTNU
Norwegian University of
Science and Technology
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a) Individual measurements (mode I)

worst-case loss for the best 5 individual measurement sets

no. Sets Loss (USD/hr)
¥o: CO mole Yi,: CO mole

1 y;:CO, recovery fraction fraction 1393
in fresh syngas in tail gas
_ . ye: Hy/CO

2 y5:CO, recovery y,: H,O/C in tail gas 1457
_ . ys: Hy/CO

3 y;:CO, recovery y,: H,O/C in fresh syngas 1698
_ ¥e: H,/CO ys: H,/CO

4 y5:CO, recovery in tail gas in fresh syngas 2594

¥10-:CH, mole . _

. fraction }i]ri.tlz;lﬁ/cacs) in }f]sesizgcr? as 2643

in fresh syngas & yne

www.nthu.no
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b) Combining of measurements (full H matrix)

C=Hy
The optimal H is obtained by solving the following optimization problem
. 2
min [HY], P
S.t. HGy = JJ(JZ 1200 \individual measurements
where Y =[F Wd Whny] 1000 -

800 |-

An analytical solution is:

600 -

Loss (USD/hr)

H =YYT) GG (YY) 'GY) "I
400 +

200 |

Applying a partial branch and N
bound algorithm 2 4 6 8 M0 12 14 16 18

No. of Measurements

By combining 7 measurements the loss is @ NTNU

almost zero from a practical point of view Norwegian University of

Science and Technology

.
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Mode Il: Natural gas feedrate is also a degree of freedom

5.35 i !
515 T T AT T T T T m e
4.95 -
o2
2 +21% increase
= 4751  inprofit
o
=9
4.55
5.16 ; !
515 max. oxveen feed max.; throughput
98500 10300 10800 11300 11800
4.35 v Natural Gas (kmolhr) '
1 1
i i
415 nominal point max. oxygen;feed max. throughput

7800 8300 8800 9300 9800 10300 10800 11300 11800
Natural Gas (kmol/hr)

Point A: oxygen flowrate saturates

. . NTNU
1 extra DOF, 1 new active constraint E Norwegian University of

Luyben, W. L. (1994). "Snowball effects in reactor/separator processes with recycle." Science and Technology

Industrial & Engineering Chemistry Research 33(2): 299-305.
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Optimal values in: nominal point, saturation of oxygen flowrate and
maximum throughput

1 0] 1 [0)
Recycle Purge H,/CO CO conversion % H, conversion % Objective
Co, . of H,/CO | . Carbon .
H,0C | O,/C recovery ratio tail fresh into per per a efficiency function
to FT gas ET pass overall pass overall (USD/hr)
nocr)rerﬁal 0.6010 | 0.523 75.73% 73.79% 3% 2.1 2.03 85.74 95.50 89.93 96.92 0.87 74.59% 49293
oTyZ)zn 0.5357 | 0.516 76.80% 90% 3% 2.092 1.91 67.08 94.14 74.705 95.88 0.86 74.30% 59246
max.
through | 0.4084 | 0.504 76.04% 97.13% 3% 2.095 1.80 51.25 94.79 60.69 96.39 0.87 74.31% 59634
put
1.00 ; ; 3000
A B
0.90 - + 2500
i i
: snowballingfegion =™
0.80 - ; ' + 2000 = .
; a ; ¢ FTreactor volume is
£ =
§ 0.70 - ——CO0 convers.lon per pass | 1 1500 § th e bottlen eCk
= —l—H2 conversion per pass i g
(_o) —i— QOveral CO conversion ! ;c
1
Overal H2 conversion i En
0.60 1 —¥— Purge flowrate (krmol/hr) . T 1000 g
E
0.50 i _ T 500
; ; NTNU
0.40 max. oxygen:feed max. thr:oughput 0 NOI’VVegiaI] UI]iVBI‘Sity of
' | ' ' | ' ' | Science and Technology

7800 8300 8800 9300 9800 10300 10800 11300 11800
Natural Gas (kmol/hr)
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a) Individual measurements (mode Il)

worst-case loss for the best 5 individual measurement sets

no Sets "
' (USD/hr)
y;:CO, . y,: H,/CO
: recovery ¥o: H,0/C into FT reactor 3022
o | Y% 1y horc Yo Hy/CO 3316
recovery in tail gas
30| YO g moe | Y HYCO 3495
recovery in fresh syngas
. Y- tail gas
4 rZ?:;)(i/gz y,: H,O/C flowrate to 4179
Yy syngas unit
y.:CO Yo COimole Yis: CO- mole
5 reéove 2 fraction fraction 4419
Y | in fresh syngas | into FT reactor

b) In mode Il, combination of 7 measurements results in almost zero loss
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The third individual measurements set is common in modes &Il

the same setpoint for CO, recovery and H,/CO ratio,

setpoint for H,O/C decreases from 0.6 to 0.4 (throughput manipulator)

Operation in snowballing region should be avoided (max.
throughput in this case)

Saturation point of oxygen plant capacity is recommended
for operation

NTNU
Norwegian University of
Science and Technology
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Conclusions

* Self-optimizing method was applied for selection of the CVs for GTL
* There are 3 unconstrained DOFs in both modes of operation

* Combination of 7 measurements reduces the worst-case loss significantly,
zero from engineering point of view

* There is one common set in the list of the best individual measurements in
two modes, where two CVs (CO, recovery, H,/CO in fresh syngas) have the
same optimal setpoint value and the setpoint for the third one (H,O/C)
reduces from 0.6 to 0.4 as throughput increases

* Operation in Snowballing region should be avoided

* Saturation point of oxygen plant capacity is recommended for operation in
practice

NTNU
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