
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 The Atmospheric Distillation Unit

Crude unit is the first unit that processes petroleum in any refinery .The ob
jective is to separate the mixture into several fractions. A schematic- diagram of at
mospheric crude fractionation unit is shown in Figure 1.Crude distillation unit con
sists of a desalter, crude furnace an atmospheric tower, pump around side strippers 
and a debutanizer. Crude oil is preheated by exchanging heat with pump-around re
flux streams and then sent to a desalter, where salts, solids and water are removed. 
The desalted crude oil is further preheated by exchanging heat with products and 
pump-around reflux stream, and finally heated by a crude furnace to a temperature 
which provides the required degree of vaporization. The heated crude oil is then in
troduced to the flash zone of the atmospheric tower. The liquid portion of the flashed 
crude oil flows down to a bottom stripping section of the atmospheric tower, where 
distillate fractions dissolved in the liquid are vaporized with steam stripping.

Figure 2.1 Process flow scheme of an atmospheric distillation unit 
(Lorenz e t  a l . ,  1997).
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The mixed vapor stream contacts down-flowing internal reflux liquid on the 
hays, where condensation and fractionation of distillate products take place. The in
ternal reflux liquid is created by condensation of the ascending oil vapor that has 
contacted cooled pump-around liquid. Use of the several pump-around reflux sys
tems prepares reflux streams of different temperature levels, and enables effective 
utilization of the reflux heat load for heating the crude oil feed, which improve the 
amount of energy consumption in distillation unit. The condensed liquid is with
drawn as side-stream products such as kerosene, light gas oil and heavy gas oil. 
These streams are sent to side strippers, where the lighter gas and oil fractions are 
removed by steam stripping for adjusting of the flash point. The bottoms of the side 
strippers are withdrawn as distillate products such as kerosene, light gas oil and 
heavy gas oil. The overhead vapor of the atmospheric tower is condensed by an 
overhead condenser(s). The condensed liquid, called full boiling range naphtha, is 
sent to a debutanizer to remove the butane and lighter hydrocarbons. The debutanizer 
off gas and gases not condensed in condenser(s) of the atmospheric tower are sent to 
a gas concentration unit to recover propane and butane (LPG). The debutanizer full 
range naphtha is separated into light and heavy naphtha by a splitter.

2.2 Heat Exchanger Network Synthesis

Heat exchanger network (HEN) synthesis is one of the most extensively 
studied problems in industrial process synthesis. This is attributed to the importance 
of determining the energy costs for a process and improving the energy recovery in 
industrial sites. The first systematic method was the thermodynamic approach, using 
the concept of pinch introduced during the 1970s to maximize energy recovery.

The first approaches in the 1960s and early 1970s treated the HEN synthesis 
problem without applying decomposition into sub-tasks. The limitations of optimi
zation techniques were the bottleneck of the mathematical approaches at that time. 
For the synthesis problem of the HEN, the thermodynamic approach of pinch analy
sis was introduced by the work of Hohmann (1971) and Linnhoff and Flower (1978). 
As a result of the pinch concept, the single task approaches were shifted to proce-
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dures introducing techniques for decomposing the problem into three subtasks; 
minimum utility cost, minimum number of units and minimum investment cost net
work configurations. The main advantage of decomposing the HEN synthesis prob
lem is that sub-problems can be treated in a much easier fashion than the original 
single-task problem. The sub-problems are the following

2.2.1 Minimum Utility Cost Target
The maximum energy recovery can be achieved in a feasible HEN for 

a fixed heat recovery approach temperature (HRAT), allowing for the elimination of 
several non-energy efficient HEN structures. Minimum utility cost was first intro
duced by Hohmann (1971) and Linnhoff and Flower (1978) and later as an LP trans
portation model by Cerda et al. (1983), being an improvement of the LP transship
ment model of Papoulias and Grossmann (1983).

2.2.2 Minimum Number of Units Target
The match combination can be determined with the minimum number 

of units and their load distribution for a fixed utility cost. The MILP transportation 
model of Cerda and Westerberg (1983) and the MILP transshipment model of Pa
poulias and Grossmann (1983) are the most common, while the vertical heat transfer 
formulation of Gundersen and Grossmann (1990) and Gundersen, Duvold and 
Hashemi-Ahmady (1996) are also used.

2.2.3 Minimum Investment Cost Network Configurations
It is based on the heat load and match information of previous targets. 

Using the superstructure-based formulation, developed by Floudas et al. (1986), the 
NLP problem is formulated and optimized for the minimum total cost of the network. 
The objective function in this model is the investment cost of the heat exchangers 
that are postulated in a superstructure.

However, limitation of decomposition-based methods is that costs due 
to energy, units and area cannot be optimized simultaneously, and as a result the 
trade-offs are not taken into account appropriately. Thus, simultaneous heat ex
changer network synthesis methods are taken place. The simultaneous approaches
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purpose to find the optimal network with or without some decomposed problem. 
The simultaneous optimization generally results in MINLP formulations, which as
sumptions exist to simplify these complex models.

In 1986, Floudas and Grossmann introduced a multiperiod MILP model for 
the minimum utilities cost and minimum number of match of target problems, based 
on Papoulias and Grossmann’s (1983) transshipment model. In this model the 
changes in the pinch point and utility required at each time period are taken into ac
count. Extensions were presented first by Floudas and Grossmann (1987), and NLP 
formulation based on a superstructure presentation of possible network topologies to 
derive automatically network configurations that feature minimum investment cost, 
minimum number of units, and minimum utility cost for each time period.

Floudas and Ciric (1989) proposed a match-network hyperstructure model 
to simultaneously optimize all of the capital costs related to the heat exchanger net
work. This MINLP formulation is based on the combination of the transshipment 
model of Papoulias and Grossmann (1983) for match selection, and the minimum 
investment cost network configuration model of Floudas and Grossmann (1986) for 
determining the heat exchanger areas, temperatures and the flow rate in the network. 
The proposed simultaneous synthesis may still lead to suboptimal networks, since the 
value for HRAT must be specified before the design stage.

In 1990, Yee and Grossmann formulated another simultaneous synthesis 
where within each stage exchanges of heat can occur between each hot and cold 
stream. This model can simultaneously target for area and energy cost while prop
erly accounting for the differences in heat transfer coefficients between the streams. 
The match-network hyperstructure model was then further modified by Ciric and 
Floudas (1991) to treat HRAT as an explicit optimization variable. This MINLP 
formulation included any decomposition into design targets and simultaneously op
timizes trade-offs between energy, units and area. Ciric and Floudas (1991) also 
demonstrated the benefit of a simultaneous approach versus sequential methods.

Ji and Bagajewicz (2001) introduced the rigorous procedure for the design 
of conventional atmospheric crude fractionation units. Part I aims to find the best 
scheme of a multipurpose crude distillation unit which can process the various crude. 
Heat demand-supply diagrams are used as a guide for optimal scheme instead of
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grand composite curves. Thus, the total energy consumption from stream, heater and 
cooler is clearly shown and this leads the process to be easily optimal. In part II, 
2001, Soto and Bagajewicz attempted to design a multipurpose heat exchanger net
work that can handle in variety of crude. In order to overcome the smaller gap be
tween hot and cold composite curves, models that fixed the heat recovery by using 
the minimum heat recovery approximation temperature (HRAT) and the exchanger 
minimum approach temperature (EMAT) was performed. In 2003, Part III, Soto and 
Bagajewicz established a model to determine a heat exchanger network with only 
two branches above and below desalter. The total annualized costs, operating cost 
and depreciation of capital, of solution limited to one or two branches are compared 
with the results of four branches. In this part, the present model is based on a trans
shipment model and the vertical heat exchange constraints combined with 
HRAT/EMAT. In addition, investment cost is not directly controlled by this model, 
but further indirectly controlled by limiting of the minimum unit numbers. The 
smaller number of units leads to minimal capital cost and energy consumption simul
taneously.

In 2001, Grossmann presents review of nonlinear mixed-integer and dis
junctive programming techniques. To present a unified overview and derivation of 
mixed integer nonlinear programming (MILP) techniques as applied to nonlinear 
discrete optimization problems that are expressed in algebraic form. The solution of 
MINLP problems with convex functions is presented first, followed by brief discus
sion on extensions for the no convex case. The solution of logic based representa
tions, known as generalized disjunctive program, is also described, Theoretical prop
erties are presented and numerical comparisons on a small process network problem.

New rigorous one-step MILP formulation for heat exchanger network syn
thesis was developed by Barbaro and Bagajewicz (2002). This methodology does 
neither rely on traditional super targeting network design by the pinch technology, 
nor is a nonlinear model, but further use only one-step to optimize the solution. 
Cost-optimal networks, cost-effective solutions, can be obtained at once by using this 
model.

In 2003, Balasubramanian and Grosssmann introduce approximation to mul
tistage stochastic optimization in multi period batch plant scheduling they consider
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the problem of scheduling under demand uncertainty multi product batch plant repre
sented through the state task network. They present a multistage stochastic mixed 
integer linear programming (MILP) model and some decisions are take unpon reali
zation of the uncertainty. Computational results indicate that the proposed approxi
mation strategy provides an expected profit within a few percent of the multistage 
stochastic MILP in a fraction of the computation time, and provides significant im
provement in the expected profit over similar deterministic approaches.

In 2005, Grossmann and his teams present an algorithmic framework for 
convex mixed integer nonlinear programs. This paper is motivated by fact that mixed 
integer nonlinear programming is an important and difficult area for which there is a 
need for developing new methods and software for solving large-scale problems. 
This work represents the first step in an ongoing and ambitious project with in an 
open-source environment. Coin-Or is our chosen environment for the development of 
the optimization software. A class of hybrid algorithms, of which branch and bound 
and polyhedral outer approximation are the two extreme cases, this framework is re
ported, and a library of mixed integer nonlinear problems that exhibit convex con
tinuous relaxations is made publicly available.

In 2006, Caballero and Grossmann introduce structural considerations and 
modeling in the synthesis of heat integrated-thermally coupled distillation sequences. 
Deals with the design of mixed thermally coupled-heat integrated distillation se
quences, the approach considers from conventional columns to fully thermally cou
pled systems. A discussion about superstructure generation and the convenience of 
using a representation based on separation tasks instead of equipment id presented as 
well as a set of logical rules in terms of Boolean variables which allow to systemati
cally generating all the feasible structures. The model is base on the Fenske, Under
wood Gilliland equations.

2.3 Mathematical Programming Models

Mathematical programming model consists of an objective function and a 
set of equality constraints as well as inequality constraints.
Classes of Mathematical Programming Models
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The mathematical modeling of the systems leads to different types of formu
lations.

1. Linear Programming (LP)
2. Non-Linear Programming (NLP)
3. Mixed Integer Linear Programming(MILP)
4. Mixed Integer Non-Linear Programming(MINLP)

2.4 Model for Grass-Root synthesis

A rigorous MILP formulation for grass-root design of heat exchanger net
works is developed. The methodology does not rely on traditional super targeting 
followed by network design steps typical of the pinch design method, nor is a non
linear model based on superstructures. It considers splitting 5non-isothermal mixing 
and it counts shells/unites. The model relies on transportation/transshipment concepts. 
The model has the following features;

Count heat exchangers units and shells
- Approximate the area required for each exchanger unit or shell
- Control the total number of units
- Implicitly determine flow rates in splits
- Handle non-isothermal mixing
- Identify bypasses in split situations when convenient

Control the temperature approximation(HRAT/EMAT of AT min)when de
sired

- Address block-design through the use of zones
- Allow multiple matches between two streams

2.5 Model for Retrofitting Heat Exchanger Network

Not only designing an optimal heat exchanger network, but the problem of 
heat exchanger network analysis is also play attention in the retrofit part.

Ini 989, Ciric and Floudas present a two-stage procedure for the optimal re
design problem of existing heat exchanger networks. In the first stage, a mixed-
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integer linear programming (MILP) model is proposed for the retrofit at the level of 
matches that is based upon a classification of the proposed for the retrofit at the level 
of matches that is based upon a classification of the possible structural modifications. 
The objective function of this optimization model seeks to minimize: (a) the cost of 
purchasing new heat exchangers;(b) the cost of additional area; and (c) the piping 
cost, and is subject to a set of constraints that describe:(a) the heat flow 
model ;(b)the area estimation;(c) the calculation of additional area; and (d) the 
match-exchanger assignments. The solution of the retrofit model at the level of 
matched provides information about the process stream matches and their heat loads, 
the placement/reassignment of new and existing heat exchanger, estimates of the re
quired area of each match and the required increase or decrease of area in each heat 
exchanger, and estimates of the repiping cost associated with introducing new 
matches, installing new heat exchangers, moving existing exchanger and repiping 
streams.
In the second stage, the information generated in the first stage is used to postulate a 
superstructure containing all possible network configurations. The solution of a 
nonlinear programming problem based upon this superstructure gives a retrofitted 
heat exchanger network.

In 2001, Jackson and Grossmann introduce high level optimization model 
for the retrofit planning of process networks. A strategy is proposed that consists of a 
high level to analyze the entire network and a low level to analyze a specific process 
flow sheet in detail. A methodology is presented for the high level to model process 
flow sheets and retrofit modifications using a multiperiod for generalized disjunctive 
programming (GDP) model. This problem is reformulated as a mixed-integer linear 
programming (MILP) using the convex hull formulation.

The MILP model is extended by adding some constraints for being the ret
rofit configuration. An Existing heat exchanger network is necessarily identified into 
the model, the location of the presented exchanger units are needed to introduce. A 
certain reconstruction and financial investment of adding new exchangers or area ex
panding in an existing process can considerably reduce the total cost of the existing 
plant. These options are targeted to decrease the total cost by enhancing the heat in
tegration among process streams.
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2.5.1 Area Additions for Existing and New Heat Exchanger Units 
The number of heat exchanger unit in each match is considered for the addi

tional area. Firstly, for the case where only one heat exchanger unit is allowed for 
one match, ( i j)< £  B, both possibility of adding the exchanger area in the same shell 
and a new one are proposed. However, when (/j)e  B, there are more than one ex
changer exists in the same pair of hot and cold stream matching, the area expansion 
possibility can be generated by adding area to the existing exchangers and also set up 
the new units. The following set of constraints is used to identify when a heat ex
changer unit is equipped with the existing network.

Area addition to the existing heat exchangers -  ( i j )  £ B
A 2 < A ?  + A A ?  + A :
A A ?  < AA.f_ij max V zeZ; 1๗/' ; ; e c2 ; ( i J ) e P  ; ( i j )  £ B ; บ;'0 > I
A 2f  < A f  ■ (บ21. - บ * 0 )ij ij max V ij ij /

m < mij //max

(1)
(2)
( 3 )

( 4 )

The area of exchanger per match ( i j )  which presented only one exchanger 
should not be longer thane a summation of the existing area ( A 2J ), the area added to
the existing shells' ( AA 2J )  and the area placed into the new shells ( A f  ). The ex
tended area into the existing shells and number of new shell need to be assigned as 
maximum. Additionally, a new shell is counted whenever the area is increased that 
shown in constraint (2.119). However, another set of equations is presented for the 
case in which there is no exchanger unit settled between a pair of hot and cold proc
ess streams.

Area required for new matches -  (i,j) g B
AZ.N <AZ" ■ บ2.ij ij max ij zeZ; i e H 2 ; j e C 2 บ2-0=0 ( 5 )

บ2. <บ2.ij //max zeZ; i e H 2 ; j e C 2 ; ( i , j ) e P ; ( i , j ) e B : U 2/°=0 ( 6 )
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On the other hand, when there is more than one exchanger unit presented in the 
same pair of streams, (i , j ) e B , the position and order of each unit is necessary to re
cord. A variable Ô1111 is used to identify the exchanger location, an example is shown 
in Figure 2. For example, variable ร  13 =1 indicate that the exchanger presented in the 
first location in the original network and it has been equipped in the third position in 
the retrofitted design network. Definition of variable ร hk is defined below

โ! If the h  -th original heat exchanger is placed in theA>th position in the retrofitted network 
hk “ jo Otherwise 

B e f o r e  R e t r o f i t

1 2 3
1

4
( า

5 6
1 — ( 2 > -

8
1

9 10
1“ k jJ ^ บ ^ 1 พ

H e a t  E x c h a n g e r  C o u n t i n g  

A f t e r  R e t r o f i t

Figure 2.2 Area computation when (i , j ) e B .

The area of the A-th existing exchanger between streams i  and j  after retrofit 
should smaller or equal to the combination of original area of h-th exchanger
( Y JA *'h° S * M ), the area added to the existing shells ( )  and the area for new

shells ( A  1"'k‘v ). Whenever an existing h - t h  exchanger unit is analyzed to relocate into

k-th position, =  1, there is no new heat exchanger unit for the retrofit network,
therefore the retrofit exchanger area will be the original area combine with the addi-
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tion area. On the contrary, original area term in constraint (2.124) for retrofit match 
will be canceled where as the new heat exchanger unit is placed, = 0.

Area addition to existing and new heat exchangers when (/j)ei?
A ’/ ^ / s ^ + A A ’Z + A ; ^  ' ( V )h=l

à A f<  i ( a c . c )

H S 4'"*)A z:k < A Zij //max

y zeZ; i e H z ; j e C z ; ( i , j ) e P ; ( i , j ) e B ; l< k < k max (8)

( 9 )

(10)

t s -/h k - 1 z e Z ; i e H ! ; j e C ‘ ; ( i , j ) e P ; ( i , f ) e B ; l< h < k ' (11)

ร  p ; M = * . z e Z ;  i e H z ; j s C z ; ( i , j ) e P ; ( iJ ) e B (12)

In addition, the number of new heat exchanger unit placed into the existing 
network would be specified as the following constraint.

z t p ; - u f ) s u L .
6in ê p

(13)

2.5.2 Objective Function

In retrofit situation, the exchanger investment cost-functions are dif
ferent from the grassroot design. The objective function for the retrofit heat ex
changer network structure also subjects to minimize the total annualized cost but the 
retrofit programming model has complicated functions for the area cost. Not only 
count for the number of exchanger unit, but there are also the existing units which 
need to optimize for area addition or new able place an exchanger. Therefore, the 
exchanger area for the retrofit target is consisted of area addition to the initial struc
ture and the new exchanger area. All other terms, the hot and cold utility cost, seem
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to subtract the number of exchanger unit, บ z , with the initial unit, u f  .

to be the same as the grassroots design model. However, fixed charge for the ex
changer unit is needed to count as the increasing number of unit which corresponds

M in Cost=Y1 z  I c f r t + I X  ร  C CJ  F f A T j  + X Z z  C y  (t/ÿ -Uy )z ieHUz jeC1 z jeCU’ ieH‘ z ieH* jeCz(i,j)*p {ij)*p i'J^P

+ I I  I  พ ,H '" * 4 A « )+ z z  z  + 4 A f  )
(14)

z ieHz jeC‘(ijfp z ieHz jeCz k=1M eP

2.5.3 Model for Heat Exchanger Network Included Pump Around

In a crude fractionation unit the pump-around is used to provide high level 
temperature sources that can help in increasing the energy efficiency of crude units. 
The MILP grass root model is extended by adding some constraints for including the 
pump-around into the design the heat exchanger network. The candidate values of 
each pump-around are necessarily identified into the model. In this model has to de
fine the new set, variables and equations. The new set PAZ is introduced as pump 
around streams in zone z, which are the function of i. The new parameter F P R f  is 
the candidate values for pump-around flow rate which are the function of i and r, 
Qpa is total of pump-around duty.

2.5.3.1 Heat Balance Equations
These groups of equation are almost the same as the equations in the group 

of heat balance equations in Grass-Root Synthesis 5but some part are different.

H e a t  b a l a n c e  f o r  h o t  p r o c e s s  s t r e a m s  -  i i N I H :
AH L h = I  I  t fm jnneMz jeC z T„l<t" jeP”

z e Z ; m e M z ; i e  H zm; i  e  H U z \ i  SÉ N I H ; i  £ P A Z (15)
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ต ? Q b < F .O  E  ' Z i , J„zeZ-,meM--,ist m r - . i t  N f  ■ ,^PA’ (16)neKf jë?n
4

Equation (16) is used to calculate heat balance of pump-around but equation 
(15) is not.

H e a t ba lan ce  f o r  h o t s tre a m s  (n on -iso th erm al m ix in g  a llo w ed ):

m = z  z  q l j n  + z  1 5 2 ?  -  z  Z f£?neMz jzC* neMz ieHz neMzieHz Tl<Tu jeP" ท>m n<mm 14

z  e  z , m  6  M z ;i e  H zm,i  £ H U z ;i e N I H น £ P A Z (17)

F P ? c p i ( T ^ - T ^  £  X & J . +  E  £ « »
neMz jeCz neMz ieHzn y6p« n >ไท

- I S  C ’fweM* ieH’ท<m

z e Z;m e M z ;i e  H zm;i £  H U z ;i e  N I H ;i e  P A Z (18)

Equation (18) is used to calculate heat balance of pump-around but equation 
(17) is not.

2.5.3.2 Heat Exchanger Definition and Count
This equation is almost the same as the equations in the group of heat 

exchanger definition and count in Grass-Root synthesis 5but some part are different.
Y zJ1 < â z;H < A H z’h Y z’hH ijm ijm —'lijm im ijm

z  & Z ',m  e  M z ; i  e. H zm \ i £  H U 2 ; j  e C z ; j  e  p f j ; i £  PA (19)
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(20)
(21)

Z 6 Z \m  e M z ;i e  H zm ;/• ( H U z ; j  e  c z ; j  e p "  ;i e Pvf
(2.138)

z e Z;tk e Mz;j e / /z ;i i H U z \ j  e C z ; j  e  ;/' e p’ฬ7 (22)

Equation (20) to (23) is used for heat exchanger defining heat balance of 
pump-around but equation (19) is not.

2.5.3.3 Heat Transfer Consistency
These groups of equation are almost same as the equations in group of heat 

transfer consistency in Grass-Root Synthesis, but some part are different.

Heat transfer consistency for multiple heat exchangers between the same pair of 
streams.

/ <ไทjëpü
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z e Z ; m , n e M z -,T ^ < โ ท ■ , { i J ) e B \ i e H zm J e C zn \ i e P f n \ j e P l̂ \ i e P A z (26)

XM zmJn-T*, JnQ.zim jn > x w  1zm jnrFPR?r YjCpfAT'V -T ,L)
(eW// </ท

Z e  Z ; m , r t e M z -,TnL < T % ; ( i , j ) e  B  j  e  H  zm ; j e  czj i e  P f j  j e  P *  l i e  P A Z (27)

XM imjn - ( l - K Jn)QL 1„ < ximjn im Jn I  AHz,cjlleM* l<ท iePf,

z e  Z : m , n e  M z \T b (28)

XM Zimjn > x imjn AH fUM ‘ l<ทiëpfi
z e Z \ m , n e M z - j j ;  < โ ท ;  ( i , j ) e  B ; i e  Hzm , j e  czn;ie P j e  p £ - , i e  PA (29)

x w zๆ - r z>, พ. <0imjn,r imjn i,r

z e Z ; m , n e M z ; T nL <โ^; ( i ,  j) e  B-i e H zm J e  cz ; i  e  p%  ; j e  p £  ; i e P A z ( 3 0 )

( X z-H - X W zM ) - ( l - พ,  ) r z’H <0V imjn imjn,r s V iyr J *- imjn

z e Z ; m , n e M z ;T„L < T%  ; (i , j )  e  B U  6 H zm J  e  c z ; i  e  p fn ; j  e  P ,"  ; i e  P A Z (31)

{ X ^ - X W îmjnyr )> 0

Z e  Z ; m , n e  M z ;T" ^ โท; (i, j) e  B ; i  e  H  zm;j e  cz ; / e pj; ; ÿ e /»" l i e  P A Z (32)
Equation (25) to (32) is used to calculate heat transfer of pump-around but 

equation (24) is not.

4 X jm J n M a x {  X A / ] > > / / / ■ }leM,1 [em;}<m i<ท1*P$



18

z e Z : m , n e M * ; F  < T■ " ; ( i j ) e  B , i e H zm ; j  6 d ; i  6 pf„ ; j  e P » J  t  PA* (33)

E " z ,H  ~  2 ,/fQijl ~  QijnleM/I<m l e N j  l<ท

z  e  z  ; m, ท E M * ; r„L < r "  ; r  0 7  e ff, 7 € H I  ; j  € c ;  ; i 6 ; j  € p “  ; 1' e พ * (34)

Equation (34) is used to calculate heat transfer of pump-around but equation
(33) is not.

q $ < K $ A H ^ z  G  z , m  G  M z ; ( i , j )  e B ; i e  6  / 0 1 z (35)

< K F P z’HC p»m(T V  - T Ï ) z  e Z; m  G  M z ; ( i , j ) ๗ ;!'e H zm; j  e P j% ; ie  P A Z (36)

K F P ; mH = Y F P K K W m Hr z t k Z \ m t k  M z \ ( i , j )  6  B ; i e H zm; j e P ^ ] i e  P A Z (37)

K W  1JmHr - K ; mH < 0 z e Z ; m e  M z \ ( i , j )  e B ; i e  H zm- , j & p ” ; i G  PZz (38)

K W ^ r < พ ^ z e Z - m e  M z ; ( i , j )  G  5;/ G  H zm ; j  G  ;ï e PZz (39)

K W & > K ÿ + W t, - 1 z G  Z;พ G  M z \ ( i , j )  G  5;/' G  H zm; j  e p ” ; i e  P A Z (40)

Equation (36) to (40) is used to calculate heat transfer of pump-around but
equation (35) is not.

~ Z ,H  ^  £r Z,H A t t Z,H9  ym -  K ijm A H  im z G  Z;tw g  M z ; ( i , j )  < =B;ie H zm; j  G  ฦ" ; i G /Œ (41)

q t f  < K F P zf C p » m( T "  - T Ï ) z G  Z;m  G  M z ; ( i , j ) G  fi;/ 6 H zm, j  G  G  />Mz (42)

KFP ■1.“ = Z F P R "r
Z,H

ijm,rr
z e Z ; m e  M z ; ( i , j )  e B ; i e  H zm- , j e p U  ; i G  P A (43)
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Z 6 Z ; m  e  Mz;(i,j)eB;i e  Hzm;jeP,%;i e PA (44)

Z e  Z;m e Mz;(i,j)&B;i 6  Hzm;j e  p”;i e PA (45)

zeZ;meMz-,{i,j)<EB-,ieHzm;j&P”;iePA (46)

Equations (42) to (46) are used to calculate heat transfer of pump-around 
but equation (41) is not.

2.5.3.4 Flow Rate Consistency within Heat Exchangers 
These groups of equation are almost same as the equations in the group of 

flow rate consistency in Grass-Root Synthesis but some part are different.

Equation (48) to (52) is used to calculate flow rate within heat exchanger of
pump-around but equation (47) is not.

(47)

Cpim (Tm ~ Tm ) CPim-l ( J m-1 ~  1 m -\)
(48)

(49)

(50)

(51)

Z e  z-m e  Mzน e  Hzm ท ^ , ; / G ร"-, j  e  cz-,j e  /> "  nP%_1;iePA (52)
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'Z ,H * Z,H

C p imÎt ]  - T ï ) ~ C p im_ 1 ( t £ - T ^  )  x~ a ^  ) ’F ' 

z g Z ; o t g A / z ; / g / / z  ท / / z _ 1 ; / G ร " ; ÿ G C z ; y ' G / > "  n p £ _ j 1; U  P A Z (53)

'Z,H ท2’HTijm______ ^ H ijm- 1--------- zIÊL------- - > ----------- 'I ijm -l___________/- p p H  _  P P  Z H  N(^r1 /Tnt/ _rr L \  ✓“» ( T ^  _TL \   ̂ 1CPimiTm ~ l m)  0 ^ ,- 1  (7๓-1 -  Tm -i)

Z  G  Z ; m e M z ; i G  H zm n H zm_ 1; / G  .ร," ; . /  £ ๙ ; / £  ฦ "  ก ^ 1; / e  ร ฬ z (54)

Equation (54) is used to calculate flow rate within heat exchanger of pump
around but equation (53) is not.

1 ‘Jm________> ________ Qijm-l__________ {'\ +  K z ’H + K z ’H - K z ’H )  F7๙ / t V 77\ 7> 77๙ 'rL  + 1 + A ym _JVÿm-l/-r i
C P im ( T m ~ Tm )  c p ~ Tm- \ )

Z  6  Z ; » I £  M z ;i G  H zm ท / / z _ 1; y G  p "  ท / ,๙ _ 1 ; /  €  ร " ;  j  G  c z;(/,y) £  ร ; /  g  ร ^ (55)

kl'n ะ, Z, H  ฯijm-ใ ♦ * ^ - ™ รร.)

Z  G  Z ;m e  M z ;i G  H zm r \ H zm_1;.j  e  P" n P " _ 1;i e  S H ; j  e C z ; ( i , j )  e  B;i e  PA (56)
Equation (56) is used to calculate flow rate within heat exchanger of pump

around but equation (55) is not.

7 ?>m_____ < _______ 4ÿm-1______ + I X Z’H - k z.'H Y /ttr „ (TV _ T L\~  (TV T'L \ a 5«-I+a !i" ๓ f ‘r iCP/m(Tm Tm ) c pim -A Tm-\ ~ Tm-\)

Z  G  Z;m  G  M z ; /  G  H zm ท / / z _  1 ; j  G  ฦ "  ก ^ . 1 ; !  G  ร " ; y G  c z;(/,y) «  ร;/g  ร ฬ

~Z,H  ฯแท
+^ ' + ^ - ^ ' '

Z  G  Z ; w  G  M z ; /  G  / / z  ท / / z _ 1 ; ÿ  G  ร "  ท  p ” _ 1 ; /  G  ร " ; y  G  c z;(/,y) g  ร ; /  G  ร ฬ z

(57)

(58)
Equation (58) is used to calculate flow rate within heat exchanger of pump

around but equation (57) is not.
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<j’m________ > _________ Q ijm -X ___________ (  1 ~ z ,tf  £ z , H  _ K Z,ห ไ P
T v  {ๆทบ _ T L \ ~ ~ r V  T r T  T’i  +  “ A y m - l / 'r ;'-'P m  ( ' ๓ “  m )  (--Pim-1 (- '๓ -! “ -'๓ -! )

Z e  Z ;  OT e  M 2 ; i e H ^ , n H zm _ 1 ; j  e p ”  ก ^ . 1 ; / e  ร " ;  ; •  e  C z ; ( i , j ) e B ; i  <t P A Z (59)

- -- ^ 1 > - --------^ — — - (F P ? + KF PzmH] + kF P zm" -  KFP2mH 1 )
^ P im - i y 1 m -\ ~ 1 m - \ )

â z ’Hฯ ijm-\

Z e  Z ; m  e  M z ; i e  H 2m r \ H zm _x\ i  e  ฦ "  ก / ’ ^ , ; / e  ร " ; ;  €  C z ; ( i , j ) e B ; i  e  / > 4 (60)

Equation (60) is used to calculate flow rate within heat exchanger of pump
around but equation (59) is not.

______ 1/๓ -!____________________________________ (  o  _i_ _ IS Z ,H   T/Z,// \  r .
r v ,  fT u  T v  / t W \  บ่m ~ บ่’" -1 _  y ™ -! /  r !P p im ( ' ๓ “ ' ๓ )  (P P im -\I 'm - !  “  '๓ - ] )

z e Z ; m e M 2 ; i e  H zm r \ H zm_  1 ; ;  €  ฦ" ก ^ 1 ; !  e  s" ;;■  6 C z ; ( i J ) e B , i  g P A

-  ๓ » - ๓ » ะ-’

(61)

Z e  Z ; w  e  M z ; i  e  H zm c \ H zm_ 1; ;  e  ฦ "  ท / ; " . 1 ; i  e  ร " ; ; '  e  C 2 ; ( i , j ) e B ; i  e  / M (62)

Equation (62) is used to calculate flow rate within heat exchanger of pump
around but equation (61) is not.

Q>,1 ( C  - t; ) - ( j T - ) + (2 + ^' "" - _ l î F|

z e Z . - m e t t ^ i e ^ n  J Ï  * _ 1; y  e  ร "  ก  / > " . 1; /  e  ร "  ;  ;• e  c z ; f  / , ; • )  e  ร ; /  55 ร ฬ (63)
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(64)

Equation (64) is used to calculate flow rate within heat exchanger of pump
around but equation (63) is not

Equation (66) is used to calculate flow rate within heat exchanger of pump
around but equation (65) is not

2.5.3.5 Temperature Difference Enforcing
These groups of equation are almost same as the equations in the group of 

temperature difference enforcing in Grass-Root Synthesis but some part are different.

rZ,Him z s Z ; m s M z ; i e ก / ^  ก ‘ +1 ; i  i  ร ”  
j e C ’ ; j z P il t H P " n P ^ i e P A 2 (65)
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^ £ - 1 ไ ร , ^ < 0

Z  G  Z ;m ,ท G  M Z;P °  <  P ° ; P °  > 7 ^ ; /  e  H 2mJ  e  O '  «  ร " ; . /  g  ร 0 ;/ G  p ° ; /  G  p " ;/  G  />ฬ2 ( 7 0 )

(Ôz’" - W q z; H ) - (  l - w .  )  r z ’H < 0ÿ m , r  *2 ÿ m , r  /  V A ,r  i,r y im jn  —■ v

Z  G  Z;m,« G  M 2;TnL < p";p" > PmL;/ G  H 2m; j  G  c z;i e  ร " ;  j  € ร0;/ G  p0;/ G  ฦ";/ G  P/fz (71)

Z G Z ;m ,ท G M 2;TnL < T,";P° > t£ u  g H 2m; j  G c z;/ e ร";/ € ร c น G p0;/ G p,"m ;/ G P/fz (69)

Z  G  Z ; m ,ท e  M 2;TnL <  ;P „" >  r°;/ G  H 2m J  G  c z;/  g ร " ; /  e  ร 0 ; /  6  P 0 ; /  G  p " ;/  G  P zlz (72)

Equation (68) to (72) is used to control temperature for pump-around heat 
exchanger but equation (67) is not.

ท2’" ก2.’cๆ-'บ____yjjm V -ๆ’บ ____Qijn____ Z'-) JS- Z,H JS- z ,c  \  -ๆ'บ* m ไ-, —*n 77 ~ ̂ ijn )■ * ทF, Cpim FjCp]n

Z  e  Z ;m ,K  G M Z; P 0 <  p " ; p "  >  P ^ / G  H zm ; /  G  C nz ; /  g ร " ; /  g  ร 0 ; / G p ° ; /  G  p " ; / g  P Z z ( 7 3 )

y,t/ _ FPqjj’m  ̂ <?ÿn
cPù FjCp j „

- ~ ( 2 - K 2’m"  - K 2f ) . T nu

Z  G  Z ; m ,ท G  MZ;P0 < p";P° > P0;/G  H 2m; j  G  c z;/ « ร";/ 0  ร0;/G  p °;/ G  p";/G  PZz (74)

Equation (74) used to control temperature for pump-around heat exchanger
but equation (73) is not.
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!̂/'" ^  ‘lijm+l Cpim I 2' H  _  y  Z'C  \ AHfm+lA/finsT^ ~Frบ ิ> T L _  T L r 'n   ̂ ^m ym T y   T LM in y ^  ;Tn j - T „  •'๓+! “  T 1„+1 Cpjm+1 Tm + i-Tm+\

z e Z ; m ,n e M *  1-/.= ร ', ; / c S c ;TnL < T vm ;T„U > t£ ; ie  H*m ก / / : +1;/<=(?: ก c„2+1 ;ieP f„  ก / ^ ,  ;/• 6 /** ก / / "  1; / ePA* ( 7 5 )

____ ^ÿm ____ Çfjjm+l________ Cpim   ̂2F P ^   KFPz,h  K FPZ,C f p ? m+l Æ r  '̂ ๓+!)
M m Y l F Y T F  T 'L - 'l 'L x  Cp im+1 ' ”  '' ~~ ÿ 7 T ^ V ^ I

z e Z  ;m ,n e M *  ; i e S H; j e S c ;T„L <T% ;T„U > T ^ ; i e H ’m ก / / : +1; ; eC„2 ก c„*+11- /6 / $  ก / £ 1 .- /e P *  ก /> " 1; / 6 pฬ2 ( 7 6 )

Equation (76) used to control temperature for pump-around heat exchanger 
but equation (75) is not.

‘li/m <  cแjm -\ C p im (  £ 2'H y  Z'C i  A / / , ẐH
T บ _ r L -  T u  _ t L 7- \ Z~A'/« -**-ijn )  U Lท P/m-1 ~in

zeZ;m,neM2 ;i e SH J  eSc ;T Ï  < Ta ; t "  > t£  ;i e H !„ ก / / : .  1; / eC* ก c„z. 1 ;iepf„ ก p $ .1 ; j e P ,” Ç]p"_1- i iP A z ( 7 7 )

F ^ - J ’f ? T L . C n * . + (  2 F F " ~ k F P ‘*  - ^ ' c ) 'C P “F - Tp ~m  ท m —1 m —1 F im —\ m  ท

zeZ ;m ,n< E M z ; i e S H J e S c ;T„L <7$ ;Tnu > T ^ ; i 6 / / :  ก//:.1;/eC„2 กc: 1 .■ /6/$ กp$.1 .7 6/$ ก/;" 1;/6 P-42 (78)

Equation (78) used to control temperature for pump-around heat exchanger 
but equation (77) is not.

ท2'H ̂ Qijm+l Cpim l'y r-z,// jrz-c) A//^,l 'T’L 'T'U rjiL\~ 1m I m + l~ I m+1 ' vz A/ym A/yA /m+1 r-pJJ rpl_11 m+\ ~  Jm+\ (79)

2 e  z ; m ,n e  M z ; i  & ร "  ; j  ร ร c  ; TnL <  T um >  T Lm , i  e  / / :  ก / / : +1 ; 
7  e  Q  ก  c  1; '  e  P y  ก  P U  ; 7  e  F »  ก  / > " 1; /  g  -PZ2
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Equation (80) used to control temperature for pump-around heat exchanger 
but equation (79) is not.

Equation (82) used to control temperature for pump-around heat exchanger 
but equation (81) is not.

2.6 Model for Retrofit with Relocation of Existing Heat Exchangers

The MILP model, when considering for retrofitting network, an existing ex
changer located in the same pair of hot and cold stream. Considering retrofit with 
relocation the location of match (/ ', j  ")of existing heat exchanger units is changed 
from original match ( i j ) .  Relocation possibility can be calculated by the binary vari
ables, such as 1000 binary variables are used to define the possible relocations for the 
network composed of 10 hot, 10 cold streams and 10 original heat exchanger units. 
A very large number of integers will effect to the model performance. Thus, this al
gorithm is considered the exchanger relocation for the case where highly reducing 
cost occurs. So, the designer should define which exchanger is relocated and the fol
lowing constraints are used to figure out the exchanger area after repositioning.

(81)

(82)



26

2.6.1 Area requirement for existing
Relocated and new heat exchangers -  ( i j )  £  B

A ; < A ? + A A ? + A f

Â ï = t A ‘ V / ‘

H ' k=1

บ ; - บ ; , ' ร ' 5.;'*Àz < A2**ij — '̂ //max

บ ' < บ '  T é ' . k < \
เ ; ; ,

A

z e Z ;  ; ' e / / z ; y 'e C z , ( i , j ) e P ; ( i , j ) < £ B

J

(83)
(84)
(85)

(86)
(87)
(88)

Where A k is the area of original exchanger that has been relocated to 
the new match (/ ’5/  ’). Whenever the original &-th exchanger is utilized to serve in a
new match, ^ รแ’k is equal to one, and then relocation constraint (2.130) forces that*=1
the existing exchanger area at the new match ( i j " ) ,  A y , also equals to the unit area
of the original match, Ak . Maximum area addition for the existing unit which
served to relocate is also required.
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Area requirement for existing, relocated and new heat exchangers -  ( i j )  e B
4 ’k < 4 ’k° + A A f  + 4
4 f  = |> * ช ุ* *

A A f  < ! > ช ุ„ ช ุ-“

1 - 1  ร :/'''Æ ' k < A Zij ij max

I  ช ุ “ <1

“  - 1

A

>
z e Z ;  i e H 2 ; j e C 2 ; ( i , j ) e P ;  (i,j)<E B \ \ < k < k m

J

(89)

(90)

(91)

(92)

(93)

(94)

2.6.2 Objective Function for Retrofit with Relocation
In retrofit with relocation situation, the exchanger investment cost- 

functions are different from the grassroots and retrofit design. The objective function 
for the retrofit with relocation heat exchanger network structure also subjects to 
minimize the total annualized cost but the retrofit programming model has compli
cated functions for the area cost. Not only count for the number of exchanger unit, 
but there are also switching the existing units which need to optimize for area addi
tion or new able place an exchanger. For the exchanger relocation, the objective 
function would be
M ir ,  C o s t  =  Y  E  E  ‘•1' 'ช ุ' A7-+ Y  E  E ^ A 7

7 ie= UT ใ2 ir-r '2 -7 ir-ทไ Jz i r U Zz ieHU’ je C ‘
( i j ) z P

z jeC U ’ ieH ’ VJ)eP
+ E E  E  4  บ;- u f  . £ r  พ Aช ุ, + c f A f

z ie H 1 j& cz V k=1 yOj)eP v J

+ E E  E  U u ;  -  <  £  £  ชุ-''* ] + E  (ชุ" + ช ุ' ช ุ" )
z ie H ’ j e C ’ V *=I A=I 7 *=1(<7)eB

(95)
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