
� � �� � � � �� � � 	 �
 
 � � �
 � � � � � � � � � � �

�� � �� � � � �� � �� � � ��

� � ��� � � �! �" # $% �  & '� () ! * &! � � � &! *+ , , -

. /0 1 � � � �  2 � �3 4 45



� � ( &! �

� �� �� �� �� �	 � � �


� � �� � � � �� ��  �� �	 � � � �� � �	 � �� � � � �� � � � � � � �� �� � � � ��� ��� � �

� � �� � � � � � �� �� ��   �� �	 � �

� !" #$ % ��  � � �� � ��  � 	 &� � ��  

� !" � $ ' � �  � � 	 ( � � � �	 � � � 	 �� � 	 �  )  � � �	 �  � � �

� * � �� �
 �� �  �� �	 � � � � � �� +� , �

� - �� �	 � � � �� �� � � ) �� � � �� � �� � � � � ��  � � & � � � � � ��� . �

� - ��  � & � ��  	 � � �	 /� �� � � & 	 �� �	 
 � 	 /



% �� &� " � � � � & ��

� �� � ��	 
� �

�� �� �� � � � �� � � � � � �� �� ���� �� �� �� � �� � � � � � � � � �� � �� �� �� ��� �� � � � �  

� �� � ��	 
 ! �

� �� �� � ��� � � �� �� �� � � �" � � � �# � � �� �� � # �  � � � � �� �� � 

� �� � ��	 
$ �

�� �� �� � � � �� � � � �% � � &� �� �' � () � �� � � ���� � � � � �  

� �� � ��	 
 * �

' � �� � � � ���� � � � � � �� �+ � � � �� �� � � % � � &� � � � � � � � � � �� � �, # �� � �

 ��� � � � + � � � � �� �

� �� � ��	 
 - �

' � �� � � � ���� � � � � � �� � + � � � �� �� � � % � � &� � � � � � � � � � �� � % �  � �� � � ����

� � �, � + � �. / �� �� �, �

� �� � ��	 
 0 �

1 � � �, �� 2 �, # � � � � � �� & � �� % �  � �� � � ���� + � �. � � � �� � �� �� �� �� � �# �� � � �



% � � � �  � �

profit

process improvements
("optimization")

plants lifetime

building practical problems

planning

start operation
start building

� * 	 �  � � � �� � & � �	 )

� * 	 �� �	 ) � � � & 	 � �� � � �

� � � �	 � � ��  � � �	 � � � ��

��� � � � �� �� � � � �� � �



1 � ( � ' � &" ! " # '" ! � �" ( ( � � �� � &� 2 ( �� � ! � � � � �" &! ��

� '% � �0 3 � � �

OPTIMIZER

PI

PROCESS

n

s
m

d

cu

c
c

cost J

y
m

min J

� ��� 	�
 	 � �, �� �, �� �� ���� � � � � �

� � � � � � �	 � �� � ��� �

� � � � � � � � � � �� ��� � �

�	 � � & � � � � � �� �� � � � �� �

� - �� 
 � �  � � �� � �   � � � �� � �

� �� � � � � � �	 � � � �� 
 � ��

 �� � � �� � � � � � � �� ��

�� �� � � � � � �� � � ��   �� �	 � � ��



� �% �  � � & '� ( #" � � (� � &" ! �

� �� � '" ! � �� ! � � � � �" &! � �" ( & ' �

� � ��� ��� ��	 � � � � 
�� � �
� ����������

� �����������
� ��	 ��� ��� � � �

� ����������
�

� �� � � �� � � 	 � !#" !%$ ��� ! ��� ! � 	 ! �

& ��� ! ��� ! � 	 ! �� '

� ��� ! ��� ! � 	 ! �( '

� ��� ! ��� ! � 	 ! �� � � ) 	 	 � !	 !� 	 * ) + 	 !

	 	 � !� 	 	 � * ) + 	 	 � !+ 	 !-, . � � + 	 	 � !-, . 	
/ 0000000000

1
2 ����������

3����������4



) ��  � ( � . � �" ! * � � &� �� ! ' � � � ! ! &! *

5 km 10 km 15 km0 km

start finish

height
level

downhillflatuphill

1 � � �, �� � �� � �� & �� � � � � ���� � � � �� � � � � � ���� � �	 !
 � �� 
 � � �� � � � ���

� � � # � �, 

� , �� �� , � � �� � �� � � � �� �� � � �  

� �� � � �� � � � � ) � � � �# � � 

��� � � � �� � � �

� � �� � ���  �� � � � � & � � �  � � �� � � �� ,  �

� �� �, �� � � �, � � ��  �, �

� � � � �� �� � !

��  �� � �� � � " � ��� ���� � �	 !
 � �� 
 � � �� �

% �  � � �# �� � � � �� � � � �� �� � � � 

�� � ��� � �	 !
 � � 
 � � �� �

�� � �	 !
 � � # � �%$ !& & � ' & 	 � � �() 
 $ !& & *

 �� � � � � � � � �� � � �� � � � ) � � � �# � �  

	� � � � �� � � $ � 	 � � 
 ' �� + � � 
 	� �



$" ! � �" ( ( � � �� � &� 2 ( � � 1 � � � � � '�� � �

� � � �� � � � � � ��

� � �� � ' & 	 � �

5 km 10 km 15 km0 km

start finish

height
level

downhillflatuphill

infeasible

�� � � � � �� � �

' � � & � � � � � ��

� � �� � � �%$ !& & �

5 km 10 km 15 km0 km

start finish

height
level

downhillflatuphill

too slow

too slow

� � � � �� � �

� � �" �� � � � � � ��

� � �� � ' & 	 � �

5 km 10 km 15 km0 km

start finish

height

downhillflatuphill

too slow

too fast

too slowlevel

� � � � �� � �



$" ! � �" ( ( � � �� � &� 2 ( � �� �� � � # � � � � �! ' � � ' � # �

� � � �� � � � � �	 � � 	 � � & ��  )

� � �� & ' & 	 � �

5 km 10 km 15 km0 km

start finish

height
level

downhillflatuphill

� � � � �� � � )  � � � � � � � � � �� � �

��� � � ( � � ���� � � �� � � 	 �	 � � �� � �

� �� � � � � � �� �� ��   �� �	 � �



) ��  � ( � 3 � � �� �� �� � �� 	� � 
 
� � � �� � � � �  � 
 � �  	� ��

��� � � � � �� � � �� 	 ��� �� � �
F

F

D

L

x

x

x

x

M

0

r

b

d

Mr

A -> B

0

Md

B

b

V

� � ! "#$ �%&' ( �)! �*$ &+ ,

-/. 0 123 45 6 7

8 %& �' 9;:+ % �% & ' & < )& & + => > )& &' =, , ?

�!  ! , !@ & A =+ %+
B 0 2

C =  + % ) �!  %+ ,D E F�G HG I JLK MNOK M N � A%! (&P Q FSR TG G U, =$ � A%! (&2 F JG G G U, =$ VXW6 YZ[ \ ]�G U, =$ VXW

^!+ % # ) * � A&+ ,

_. 0 1 6 ` D ` 7 0 1ba cG d eR U, =$
W G H eG dG HG J,
,



� � �� � �� � � � � � 	 � 
 �� �� � � � �� � � � 
 
 � � � � �� �	 
 � 	

� 	 � 
 � � � � �� � � 
� � � � � � � � � 
 �

��  � �� �� � � � �� � � � �� � � � �� � � � �

� � �� � � � � � � �  � � � � ! � � � " � � � � �# � �� � �

� $ � % # � � � � & &# � � " � �

� $ � � �' # � � � � � �

��  � ( � � " � � � � & � � � � " � " � �� �� � �# � � � � " ! � # � � �� � � � � �

� ) � � � � � � ! � � � � � �# � �� � �� � �# � �

� �� � � � �� � � # � � � �� %+* , �� � � ' � � �� % ' � � # ! �� ' �

� - # � � � � � �� � � %+. �

��  � / � 0 � � � � ! �� ' � � �� � &� # �� � �# � � � � " ! � # � � �� � � � � � 132 � �. *

4 � 5 � � � � � � � � � � �� �� � � � 6 � �� � �

7 � 5 � � � � � � � # � � ' � � � � � 6 � �� � �

8� 9 � � �� �� � � � 6 � �� � � 2 � �. � � � �� � &� � � � � �� � � � �� # # � � � �� �

:<; � = � �� � � � � 6 � �� � � >

��  � ? � @ �� �� � ! �� ' � � �� � � � " � � � � � � �� � � & �� � �# � � � �# ' � �' # �



� � � � � � � � �� �� �  � �� �� � � � � � �� � � � 
 
 � � � � �� �	 
 � 	

5 � � " � " � �� �� � �# � � � � " ! � # � � �� � � :�� � >*

��� 	 
�� �  � � � �� � � 4 � 5 �
�

�
�

�
�


�

�
�

�
�


�

�
�


�

�


�
�G �

� � � � ! � �� � � �# � �� � � � � �# � �

� - # � " ' � � � � � 6 � � � � �� � :� 4 >

� � � � � �� # . � � " ' 6 : � � >

) � �� � � �# � �� � " " � % # � � � & &# � � " � � * �



� � � � � � � � � 	 	 � � � 
� � �� �� � � �� � �� 	 � �� � � � � � � � 
	 � � � �� � � 	
� � � � � � � � 	 
��  �� ��� � 
� � �� � �� � � �� � � ��� �� �� � 
 ��� � � � � �"! # $% �'& � ()* + * * ) ,-. / �0 1 � . 2 ,) 34 ( () 4 4 * * ) ,5. / �0 1 � � 687 ,) 39 * () -: * * ) 4 5. / �0 1 �; 6 � ,) + , , () 5 , * * ) * (. / �0 1 �; 6=< ,) - 9 ( () + , * * ) * (. / �0 1 �< 687 * ) -: 4 +) , ( * * ) - 9. / �0 1 �> 6 � ,) ( 5: +) - * * - ) 9 ,. / �0 1 � � 3 - 9 ) 5 +) + 3 4 4 ): (. / �0 1 �< 6 � * ) + , , 3) + 5 5 * ) - *. / �0 1 �> 6 ; ,): * + * * ) 4 5 9 ) 9 9. / �0 1 �7 687 ? 4 ) ,: * � @ � @. / �0 1 �> 687 ,) 5 9 3 � @ � @. / �0 1 �; 687 ,) (4 4 � @ � @. / �0 1 �; ( ,4 ) , � @ � @. / �0 1 �7 : +4 ) , � @ � @. / �7 687 ? �< 6 > A � @ � @. / �7 687 ? � . 2 A � @ � @. / � . 2 � . B �DC E � A � @ � @. / �7 687 ? � � 6 ; A � @ � @. / �7 � . 2 �DF E � A � @ � @< 6 > �7 687 ? � . 2 A � @ � @

450 500 550
1000

1200

1400

1600

1800

2000

d=F
0

J
=

V
d

0

Loss

c
2,s

=F
s
=996

c
1,s

=(L/F)
s
=0.82

Reoptimized J
opt

(d)



� �� � �� �� �� � 
 ���  � � � � 	 	 � � � �� � 
� ��� ��� �

F

F

D

L

x

x

x

x

M

0

b

Mr

A -> B

0

Md

B

b

LC

LC

LC

XC

XC
x xb,sd,s

d

r

M

d,s

Mr,s

M

b,s

V

F

F

D x

x

x

x

M

0

b

Mr

A -> B

0

Md

B

b

LC

LC

LC

XC

d

r

M

d,s

Mr,s

M

b,s

xb,s
sL/F

V

L

RC



�� � �� � � � � �� � � 
 	 � � � �� � � 	 	  � � 	 � 	 � � � �� � � 
 � �� ��

��� � �� � �� � � � � � � � �� ��� � �� �

500 1000 1500 2000 2500
0

1000

2000

3000

4000

5000

c=F

J=
V

L<0

d
0
=F

0
=460 d

1
=F

0
=552

c
s,0

J(d
0
,c)

J(d
1
,c)

V
max

c
s,robust

b
opt

� = * #+ % = " %! �! @ �%! =  ,

�!  � � 	
 � 	� � 
[  B � D  � -  � _  �

� � D  � -  � _  � 0 G

� � D  � -  � _  � F�G

� � D  � -  � _  � 0 � �� _ � 	 _  0 _ ` � � _ _ � 	  0 _ � 	 ` � � _ � 	 

� _ � 5 � � � _ � 	 � 5 �

� � " %! � �$ * � A U =� � ,

� � � 0 � � 	 Q � E 
 � "! � � 	 `



�� � �� � � � �� � 	 � � � � � � �� � �� 	  � � �� � � � � � � � 	 � �� �  � � ���

� �� �� � � � �� � � � � � �� � � � � � �

500 1000 1500 2000 2500
0

1000

2000

3000

4000

5000

c=F

J=
V

L<0

d
0
=F

0
=460 d

1
=F

0
=552

c
s,flex

c
s,0

b
flex

J(d
0
,c)

J(d
1
,c)

V
max

c
s,robust

b
opt

�  $ !  & >& �+ ! *! $ ! % 9 A = ) )& A%! =  ,

�!  � 	
 	� ��	
 � � � � 	 �� �! � � � 	 � �. � � � � � � � 	 �� �! � � � 	 � �

� � D � - � _ � 0 G

� � D � - � _ � � _ � 	�� �! _ � F G

� � D � - � _ � 0 � �� � � _ �

� � 	 �� � 0 � � 	 �

� �$ & �! *$ & * � A U =� � ,

� � � � � _ � _ � � 0 � � 	 �� � � _ � _ � �! � � 	 `



� � � � � � � � � � � � � �� � �� � �

� � � � � � � � 	 
��  �� ��� � 
� � � � 
� � �� ��� � 
� � � � � � �� � � � ��� � 
� � �� � �� � � � ��� � � � # $% � � � ��� � ��� � � ���� � � � �� ��� � �� � �� � �� � �� � �� �� � 
 ��� �� � �  � ! # $% � & � () * + * * ) , - A () * + * * ) , - A 5 ): 9 * * ) ,-. / �0 1 � . 2 ,) 3 4 ( () 4 4 * * ) , 5 ,) , , ( () 4 * * * ) , - , () 4 4 * * ) ,5. / �0 1 � � 687 ,) 3 9 * () -: * * ) 4 5 A ,) ,4 * () - ( * * ) - 5 , () -: * * ) 4 5. / �0 1 �; 6 � ,) + , , () 5 , * * ) * ( ,) ,5 9 () - 5 * * ) - ( , () 5 , * * ) * (. / �0 1 �; 6=< ,) - 9 ( () + , * * ) * ( ,) ,4 + () 5: * * ) 5 + , () + , * * ) * (. / �0 1 �< 687 * ) -: 4 +) , ( * * ) - 9 A ,) , - 9 (): - * * ) +9 , +) , ( * * ) - 9. / �0 1 �> 6 � ,) ( 5: +) - * * - ) 9 , ,) , ( 5 +) , ( * 4 ) + , , +) - * * - ) 9 ,. / �0 1 � � 3 - 9 ) 5 +) + 3 4 4 ): ( A +5 +) 5 + * () 3 9 , +) + 3 4 4 ): (. / �0 1 �< 6 � * ) + , , 3) +5 5 * ) - * ,) 4 , + () 3: * 4 ) * : , 3) +5 5 * ) - *. / �0 1 �> 6 ; ,): * + * * ) 4 5 9 ) 9 9 A ,) * 5 , +) , , * * ) + 3 , * * ) 4 5 9 ) 9 9. / �0 1 �7 687 ? 4 ) ,: * �  @ �  @ ,) 4 3: +) 4 4 * 4 ) * ( ,) * 4 3 , - +) 3 4 4: * ) 9 3. / �0 1 �> 687 ,) 5 9 3 �  @ �  @ A ,) , ( + +) - + * 4 ) , 3 ,) ,* 5 ( - +) 3 9 4: * ) 9 3. / �0 1 �; 6 7 ,) ( 4 4 �  @ �  @ ,) , +* +) ( , * 4 ) 4 5 ,) ,4 5 4 - +) 3: 4: * ) 9 3. / �0 1 �; ( ,4 ) , �  @ �  @ * : * +) 9: * 4 ) 3 4 : * 4 +) + - * + () 4 5. / �0 1 �7 : +4 ) , �  @ �  @ 4 3 + 9 ) (* * - ): , * 3 - 4 +): , * + () 4 5. / �7 6 7 ? �< 6 > A �  @ �  @ A 4 () 39 ( 5 ) - 3 ,) +9 * 3 : ) 5 , 4 ,) 4 3. / �7 687 ? � . 2 A �  @ �  @ A 4 (): * ( 5 ) - 3 ,) , , ,* 3) 4 5 4 5 ) - +

� / � . 2 � . B �C E � A �  @ �  @ A 4 +) , 3 ( 5 ) - 3 , +) - + * +) 4 5. / �7 687 ? � � 6 ; A �  @ �  @ A - - ) * - +- ) (: ,) , , ,* * ,) , + 4 +) (:. / �7 � . 2 �DF E � A �  @ �  @ A 5 - ) * , : 5 ) - 9 ,) * 9 - ( - ,) 3 5 * + () 4 5< 6 > �7 687 ? � . 2 A �  @ �  @ A 5 () 9 5 9 3) 9 ( ,) , - 4 * 3): ( 4 3) 4 3



� � � � � � �� � � � � � � �� � �� � � � � � � � � �� �� � � � � � � � � � � �

� � �� � �� � �

� � � � �� �� � # � � � �� � # 1 � � � " � � � � # � � " # � � � �� # . � � " ' 6

- � �# �� % � � � � " � � # � � � � � ! � % � �� � # # � � : � � � >*

� � �� � � � � � � � � � � � � � � � � � � � � � � � � 	

� _ � ��
 � � _ 
  � � 
 � � �
 � � _ 
 �

� � � � ��
 � � _ 
  � � 
 � � �
 � � � � 
 �

 � � � ��
 � � _ 
  � � 
 � � �
 �  � � 
 �

 � � � �
 � � _ 
  � � 
 � � �
 �  � � 
 �

� � ��
 � � _ 
 � � � 
  � �
 � �

 � �
 � � _ 
 � � � 
 � � �
 � 

� � � � � = �� �� # � � � � ! � � �. � 2 % � � " �� � �# � � � � � �� � � ��



� � � ' � � � 6 � � � �� � � � 6 � �� � �

$ � � �' # � � � � � * � � � 	 ��� � �
0 1 2 3 4 5

2771

2772

2773

2774

2775

M
r 
[k

m
o
l]

t [h]

x
d

L/F
D/L
D/V

F D

0 1 2 3 4 5
0.009

0.0095

0.01

0.0105

0.011

0.0115

0.012

x
b
 [
−

]

t [h]

x
d

L/F
D/V

D/L

D
F

�� 	 
� � � � � � � � 
� � 	 � 
� � �� ��



�� �� �� � �� 	
 � �� 
 � �� � � ��� ��� � �

2,s

2,m

cu

c
c

MPC

d

OPTIMIZER

n

s
c

c
m

c

PROCESS

2

2
n

cost J

y
m

min J

PI

�� �� � 
 � 	 
 
 �� �� 

� � � 	 
� � � ��� � � � � �� ���

� � � 	 � �! � � 
�� � � � � � � ���

� � � ��  � � � � 	 
�

� � � 	 
� � � "� 	# $  � � 
�� 	

� � � 	 
� � � �� � 
 % � �

& � � 	 
' �� � "� 	 
� � � � � � " � �  � �

(*) � �� � � 	 � 
+ � �+ ,� � �- . 

� / � �10� � ' 	 � 	 � � %� ��

� 2� 
 
� � 0  �� �� � $ 	

� �� � 0� 
 � � �� 

� � � � � � 	 � � 0 " % " �� �� ' � � � � � 	 


� 3 � � 
0 � 	 
� $ � � 
� � � �� 
� � � � 
�� 	 "� � � 	



� 
 � � 
 �� � 	
 � � 
 � � � �
 � 	
 � � � 
 � �� � � � � �� � � � �
 � �

� � � � �� � � � � � � 
 � � � � �� � � � �� 	
 � � � 
 � � � � �� � � �

PC

LC

LC

DL x

B x

F z

V

d

b

�	
 ��  �� ��� 	� �  

� / ' � "� � � � 
� 	 $�� � " 
� �� 

� � 	 
� � � " 
�� 	 

� � � � ��� 
 ' � 
� � � 	 %� 
 � $ ��

� � � � � � 	 " � 
� � " � � 	 $� � 	 
� � 	 � �� � ' � 

) � � $ �� 
 ' � 
� � � ' � 
 � $ ��

� �� 
 � � � 	 " � � � �� " 
�� 	

�	
 �� �� �� ��

( "� 	� 
 � 	 
 � 	 
� � 	 � �� � ' � . 

� 2 �� 
 ' � 
� � � 	 %� 
 � $ ��



� � � � �� � � 
 � �

� �� � 	 
�� % � 	 $ " � 	� �� � 
� "� 	 
� � � ��� � � � � �� ���

� � � � � �  	 " � � 
 � � 	 
 %

� & � � 	 
' �� � "� 	 
� � � � � � " � �  � �  2� 
 
 �� 	 � " � ,� � $ � � � � � � � � � � � � ,

� � 
 
� � 0  �� �� � $ 	 +

� � �� � 0� 
 � � ��

 
 � 	� � � �� � � � � � � � �

� � � �� 0 � � 
� � �� � 	 $ "� 	 
� � � � 	� � � �� � � � �� 
 %

� � � � � � � �� � 
 � � ��� " �� � 0� 
 � � �� � �� �� � 	 �� %� 
� � � 
� " � � 
� � � +



�� � � �� � �� � � � � 
 � � � �
 � � � 
 	� � � ��� � � � � � �	� 
� 
 �

�  �� � �  � � � � � �� � � 
+ � �+ (� � �- .

T
2

x
2

F
2

L
2

Condensate

T
1

x
1

F
1

Feed

T
100

P
100

Evaporator

100
F

Steam

P
2

F
200

T
200

Condensate
F

5

F
4

T
3

T
201

Condenser Cooling water

Separator
LC

FC

FC

PC

F
3

FC

P
100,s

Product

Pump
3,s

TC

XC

200,sF

F x
2,s

L2,s

T    −T201,s 200,s

T
2

x
2

F
2

Pump

L
2

Condensate

T
1

x
1

F
1

Feed

T
100

P
100

Evaporator

100
F

Steam

P
2

F
200

T
200

Condensate
F

5

F
4

T
3

T
201

Condenser Cooling water

Product

Separator
LC

FC

FC

PC

F
3

FC

F
3,s

100,s
P

P
2,s

200,s
F

2,s
x

PC

XC



 � �� � � � � � � �  
 � � �� � � 	 � 	� � � 
 � � � �� �� �

LC

LC

PC

z=0 z=0 z=0

z=1

z=1

TC

TC

z=0

HP−pump

Steam−turbin Condenser LP−pump

Air compressor

Deaerator

HP−pump

Steam−turbin Condenser LP−pump

Air compressor

Deaerator

HP−pump

Condenser LP−pump

Air compressor

Deaerator

Pre−heaterSuper−heater Evaporator Economizer

Condenser
  drum

Gas−turbine

Combustor

Fuel compressor

Steam−turbine

HP−valve

valve
LP−

  drum
Evaporator



 � �� � � � � � � � � � � �� �� �� � � � �� � � � � � �� � � � �
 � 	
 � � � �

� � ) � � 
+ � �+ (� � �� .

Column Compressor

Receiver

Secondary condenser

LC

LC

Reboiler

Cooling water

FC
Condenser

FC

Expansion valve

Throttling valve

XC

xd

LC
PC

P

TC

4T

Super−heater

Decanter

Column Compressor

Receiver

Super−heater

Secondary condenser

LC

LC

Reboiler

XC

PC
−

0.5

0.5

P −Ph,s      l,s

P +Ph,s      l,s

P

x

s

B,s

Expansion valve

Cooling water

PC
Ph,s

Throttling valve

PC
Condenser

Pl,s

x

P

P

B

H

L

P

XC

LC

xd,s

xD

Decanter


