CHAPTER I
BACKGROUND AND LITERATURE SURVEY

2.1 State of the Arts for 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 to consider energy recovery was the
thermodynamic approach ofthe conceptofpinch, introduced during the 1970s.

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

2.1.1 Minimum Utility Cost Target
Corresponds to the maximum energy recovery that 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 introduced by Hohmann (1971) and Linnhoff and Flower (1978) and
later as an LP transportation model by Cerda et al. (1983), being an improvement of
the LP transshipment model of Papoulias and Grossmann (1983).



2.1.2 Minimum Number of Units Target
Determines the match combination 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
Papoulias 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.

2.1.3 Minimum Investment Cost Network Configurations

It is based on the heat load and match information of previous targets.
Using the superstructure-hased formulation, developed by Floudas et al. (1986), the
NLP problem is formulated and optimized for the minimum total cost ofthe 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
exchanger network synthesis methods are taken place. The simultaneous approaches
purpose to find the optimal network with or without some decomposed problem.
The simultaneous optimization generally results in MINLP formulations, which
assumptions exist to simplify these complex models.

Floudas and Ciric (1989) proposed a match-network hyperstructure
model to simultaneously optimize all of the capital costs related to the heat
exchanger network. 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 hefore the design
stage.

In 1990, Yee and Grossmann formulated another simultangous
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
properly 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 optimizes trade-offs between energy, units and area. Ciric and
Floudas (1991) also demonstrated the benefit of a simultaneous approach versus
sequential methods.

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 account. 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.

Ji and Bagajewicz (2001) introduced the rigorous procedure for the
design of conventional atmospheric crude fractionation units. Part | aims to find the
best scheme of a multipurpose crude distillation unit which can process the various
crude. Heatdemand-supply diagrams are used as a guide for optimal scheme instead
of 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 Il,
2001, Soto and Bagajewicz attempted to design a multipurpose heat exchanger
network that can handle in variety of crude. In order to overcome the smaller gap
between 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 I, 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



transshipment model and the veitical 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
simultaneously.

New rigorous one-step MILP formulation for heat exchanger network
synthesis was developed by Barbaro and Bagajewicz (2002). This methodology does
neither rely on traditional supertargeting 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.

2.2 Basic Concepts for Using Mathematical Programming in Process
Integration

Mathematical programming is a class of methods for solving constrained
optimization problems. Since both continuous and binary variables can be used in
the corresponding mathematical programming models, these methods are perfectly
suited for typical design tasks encountered in process synthesis and process
integration.

Generally, a mathematical programming model consists of an objective
function (typically some economic criteria) and a set of equality constraints as well
as inequality constraints. The general form is indicated below

Min f(x.y)
Subject to

glxy) <0

h(x,y) =0
where
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It should be noticed that the variables x and y in general are vectors of
variables, and that the constraints g and h similarly are vectors of functions. The
objective function (f) is assumed to be a scalar.

The mathematical modeling of the systems lead to different types of
formulations, such as Linear Programming (LP), Mixed Integer Linear Programming
(MILP), Non-Linear Programming (NLP) and Mixed Integer Non-Linear
Programming (MINLP) models.

If there are no binary variables, and all functions f, g and h are linear, we
have the simplest class of problems, the Linear Programming (LP) models. Using
the simplex algorithm, for example, LP models with hundreds of thousands variables
and constraints can be solved in reasonable times with today’s computer resources.
If there are no binary variables, and at least one of the functions f, g and h are non-
linear, we have a Non-Linear Programming (NLP) problem. These are generally
much harder to solve, especially if the non-linearities are non-convex, because a
local optimum may be found.

If there are binary variables in the model, and all functions f, g and h are
linear, we have a Mixed Integer Linear Programming (MILP) problem. These can be
solved to global optimality provided the number of binary variables does not cause a
combinatorial explosion. Finally, if there are binary variables in the model, and at
least one of the functions f, g and h are non-linear, we have the hardest class of
problems, Mixed Integer Non-Linear Programming (MINLP) models.
Unfortunately, most real design problems are of the MINLP type with significant
problems related to computer time and local optima.

2.3 Model for Grass-Root Synthesis

This MILP model is based on the transportation transshipment scheme and
it has the following features

« Counts heat exchangers units and shells

« Approximates the area required for each exchanger unit or shell

« Controls the total number of units



« Implicitly determines flow rates in splits

* Handles non-isothermal mixing

 ldentifies bypasses in split situations when convenient

« Controls the temperature approximation (HRAT/EMAT of ATmin) when
desired

« Can address block-design through the use of zones

* Allows multiple matches between two streams

2.4 Mathematical Model

2.4.1 Set Definitions
A set of several heat transfer zones is defined, namely Z - {z |z is a

heat transfer zone}

Use of zones can he used to separate the design in different sub-
networks that are not interrelated, simplifying the network and the problem
complexity. Next, the following sets are used to identify hot streams, cold streams,
hot utilities and cold utilities.

Hz ={i1lisahotstream presentin zonez }
C1 :{j \j isacold stream presentin zone z }
HU?2 ={i1lisa heating utility present in zone z } (Hu2c ')
e U2 ={j1j isaheating utility present in zone z } (CUZac 1)

»
Moreover, several temperature intervals are considered in each zone,

in order to perform the heat balances and the area calculations. The different sets
related to the temperature intervals are defined as

Mz ={m\m ISdtemperature interval in zone z }

Mz ={ | isatemperature interval belonging to zone z, in which hot

stream 1 s presented }
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v+ ={ | ‘isatemperature interval belonging to zone z, in which cold

streamj is presented }
H1 =¢ | 11is a hot stream present in temperature interval Min zone z }

C1 ={/1jisacold stream present in temperature interval in zonez }
:{m \Mis the starting temperature interval for hot stream i }
0 = { I isthe starting temperature interval for cold streamj }
mf = {M1Mis the final temperature interval for hot stream /}

nf ={ | fisthe final temperature interval for cold streamj }

The MILP model uses the temperature intervals to perform energy
balances and mass flow balances. At each temperature interval, the variables

(7" account for the overall heat exchanged in interval  of hot stream 1and all the
intervals of cold stream |, in zone z. Familiar with (.]", the variables 'JfL are used

to compute the overall heat received by cold streamj at interval  from all intervals

of hot stream 1. The variables Q"M are used to formulate the heat transportation

from interval to interval between both streams.

Figure 2.1 Basic scheme of the transportation/transshipment model,



A number of sets are introduced to define all possible sources and

destinations for heat transfer in this transportation scheme.

P = {(;/) I'heat exchange match between hot stream land cold stream |/
is permitted }
pII

permitted }

= {/ I'heat transfer from hot stream | at interval Mto cold stream / is

pfm = { I I'heat transfer from hot stream 1to cold streamj at interval is

permitted }

Set ) defines as allowed matching between hot and cold streams. In
order not to againt the thermodynamically possible, permitted and forbidden heat

exchange matches can be set up by the designer. Sets p" and pl]]ldefine as feasible

heat transfer flows at each temperature interval.
Finally, the following sets allow the designer to manage additional
features of the formulation.

NIH = {ilnon-isothermal mixing is permitted for hot stream I}
Nl( = {J Inon-isothermal mixing is permitted for coldstreamj }
H - {i Isplits are allowed for hot stream i }

1 ={] isplits are allowed for cold stream | }
B - {(ij) Imore than one heat exchanger unit is permitted between hot
stream | and cold streamj }

The sets NIH and NIC are used to specify whether non-isothermal
mixing of stream splits is permitted, while sets Hand ,( establish the possibility
of stream splits. Finally, set B is used to allow more than one heat exchanger match
between two streams, as shown in Figure 2.2 for match (i/Ji). Thus, this model is
able to distinguish situations where more than one heat exchanger unit is required to
perform a heat exchange match. Next, the different equations of the model for grass-
root design of heat exchanger networks are introduced.



Figure 2.2 A case where more than one heat exchanger unit is required for a match
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2.4.2 Heat Balance Equations
The total heat available on each hot streams or the total heat demand
of cold streams is equal to the heat transferred to the specific intervals. For heating
and cooling utilities, these balances are described by the following equations.

Heat balance for heating utilities

F”T"- ‘ [ﬂg@ z6ZmeMzie HLic HUZ 2.1

Heat balance for cooling utilities

1f[t;-T.1)= 77, ZeZ-neMz;jeC*jeCUl (2.2)

mﬁ@rﬁh



The heat balances for process streams where only isothermal mixing
of splits is considered are stated below.

Heat balance for hot process streams - | € NIH
AH'f= x xq zeZmeM:ie HTig HUZTENTH (2.3)

g

Heat balance for cold process streams -] € NI(

AHjn = X XA zeZ;neMzjeCrzjECUZieNTC  (2.4)
&”S“Tﬂm'S/Hé

The hotand cold cumulative heat transfer is defined in the next sets of
equations.  This cumulative transfer is introduced for presentation convenience
because it is related to the equations that define the existence of heat exchangers in
the different temperature intervals.

Cumulative heat transfer from hot stream Iat interval m to cold stream |

Wﬁqlmn 16Z- meMz; ieHfrjeC* ;jeP% (2.5)

Cumulative heat transfer to cold streamj atinterval from hot stream |

= X 2eZ-NGMz- ieHz;j<=Cz;iepc (2.6)
meMlgF!d% .

24.2.1 Heat Balance Equations for Streams Allowed to Have Non-
Isothermal Split Mixing

A new variable () is introduced to account for heat flows

between intervals of the same stream that correspond to such mixing. Heat is
artificially transferred from one interval to another within the same stream to account
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for non-isothermal mixing conditions. Figure 2.3 illustrates how this non-isothermal
mixing of stream splits is taken into account.

Following the Figure 2.3, cold stream j has been split to
exchange heat between stream il and |, and non-isothermal mixing between these
splits is allowed. This figure shows the upper portion, the split in the cold stream
spans temperature intervals 3 and 8, while the lower portion spans from interval 5 to
interval 8. However, the whole stream spans from interval 4 to interval 8 after
mixing and the non-split part spans the rest of the intervals. In order to complete the
non-isothermal mixing which allow one hranch to reach a larger temperature as

shown in the Figure 2.3, interval 3 get more heat than its demand (aHﬂf ) and

transfer this surplus heat to interval 4 and 5. Interval 4 and 5 receive less heat than
their demand from the hot streams, with the difference being transferred from
interval 3 by the heat . The heat balance equations for non-isothermal mixing of

split are shown as

az H
qijm
q; Jn

~zC
q(')'n

Figure 2.3 Non-isothermal split mixing.
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Heat balance for hot streams (non-isothermai mixing allowed)

Al "=1 1irM+ E 1eZ :meM* zes7+ ieHU* UeNIH
wear=  Je(n neM2ZeH2 neM2ieH2
Th <Th jePj,1 n>m 1<l
(2.7)

Heat balance for cold streams (non-isothermal mixing allowed)

AHjn = » Il ™M T 767. neM';jeC'K-Jecu’ -JeNP
meMz ///* meM2jeC2 meM2jeC2
TiI<m ieP™ <l V/=/A
jeP
(2.8

[n addition, the condition that heat cannot be transferred within a
stream if there is no heat transfer with other stream need to he established in the
model. Consequently, these equations force  to be zero whenever there is no heat

transferred with other streams.

Heat balance for hot streams - i € NTH
A il zeZimeM* itHUZieNIH  (29)

dyids ﬁ}‘i&"&; JeC;gPt

Heat balance for cold streams- i e NIC

Z | VA A | zeZ\neM2',jeC; \jiCU* - jeNlc (2.10)
meMzjeC2 meM2 ieH2JePE
> <% jeP"

2.4.3 Heat Exchanger Definition and Count
The model is defined as a consecutive series of heat exchange shells
between a hot and a cold stream. For each temperature interval, heat transfer is
accounted using the cumulative heat (), while the existence of a heat exchanger for
a given interval is defined by a new variable (y), which determines whether heat
exchange takes place or not at that interval. In addition, two new variables (Kand

K), which are closely related to the Y variables, are introduced in order to indicate
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whether a heat exchanger begins or ends at a specific interval. The use of these new
variables to count units has been previously proposed by Bagajewicz and Rodera
(1998) and later used by Bagajewicz and Soto (2001, 2003) and Ji and Bagajewicz
2002,

Even placing the multiple shells, this seems to be as a single heat
exchanger. Nevertheless, there are cases where non-consecutive series of shells
could be allowed. For those cases, different heat exchangers have to be defined for
each series. In order to consider the possibility of multiple heat exchangers between
the same pair of streams, the additional equations are required.

For the case where only one exchanger is allowed per match between

streams | and |, (1])<EB, then binary variable YJ, and two continuous variables

K, k€ are used. The binary variable ¥M” indicates that there is a match
between stream 1 at interval M receiving heat from some intervals of stream J. In

turn, KA and K11 indicate the beginning and end of a string of intervals for
which the binary variable is active. Conversely, when (1,])eB, ¥M' is declared as

continvous and KY”, K €0 are set up as binary. The ¥ variables are probably
greater or equal than one ifa heatexchanger exists for the correspondent streams and
interval. However, all variables ¥ K&’ and Kk € are getting to be zero when no
heat exchanger exists matching streams 1and].

The following group of constraints is used to determine the existence
ofa heat exchanger for a given pair of streams and temperature intervals. When only
one heat exchanger is allowed per match, constraint (2.15}t{2.19) and (2.20)-(2.24)
are valid. The equation (2.25) applies further in cases where more than one
exchanger is permitted. However, equations (2.15) and (2.20) only apply to the first
and last interval of a hot stream, respectively, while the sets of equations (2.16)-
(2.19) and (2.21)—2.24) are used for all intervals.

Bounds on cumulative heat transfer for hot process streams

Aiji» -ArwiHYim 187 ,meM!:ie//" ;itHUL;jeC‘ ;jeP% (2.11)



Bounds on cumulative heat transfer for cold process streams

qipYjp' —Qin Yjn 1eZ;neM2;ieH2;jeC2;jeCU " ;iePE

Bounds on cumulative heat transfer for heating utilities

gndijm - Im -2 {m T ;eZ;meM2;i6Hf; feHU2;jeC!;j€p"

Bounds on cumulative heat transfer for cooling utilities

AlnYjn il - Fj' {fn ") zeZ ;neM2;isH2;jeC2;jeCU2;iePj,

Heatexchanger beginning for hot streams - (Ij) <B

K >viin zeZ :meM2;m=me\ieH 2:/eC z;jePiZ ; (ij)eB

K48 <2-Yigh - Yigi

“ i <vigin > 222-meM2 /%] ;yeC* jeh" A, (if)<fi
>YZH_y_ H

* ' jjm ijm-1

W2

Heat exchanger ending for hot streams - (y) g5

A’ > K[m zeZ ;meM2;m=mf ;ieH2;jeC2;jeP™" -(ij)eB
T

N fn A V ZeZ;meM2;lell* I1*+:jeC2;yel™ p"4;(y)et
jy H oy H H

Yo
(fm —Wjm  *ijjm+L

* '>0

Heat exchanger existence on hot streams - (i]) € B
fin' = |Wyij!‘H IGM g’ zeZ:;meM2;ieHMm:jeC2;jeP." ((1)efi

JepH o
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(2.12)

(2.13)

(2.14)

(2.15)
(2.16)
(2.17)
(2.18)
(2.19)

(2.20)

221
2.22)
(2.23)
(2.24)

(2.25)



The example shown in Figure 2.4 for a match {Ij) &B, only one heat
exchanger is allowed, will explain how the previous sets of constraints work. The
hot side of heat exchanger spans from interval 3 to 8 of stream [, heat transferred to
cold streamj is not shown. Since, only one heat exchanger is permitted for this

match, variables YA are defined as binary while KM and k € are continuous.

The values for all variables are given in Table 2.1. These numbers correspond to the
set of constraints in (2.15)-(2.19) and (2.20)-(2.24).

Figure 24 Heat exchanger definition when {ij) €B.

Table 2.1 valves of Yjf'H, K.J" and K-|" variables when (i]) <B

“im K g *tm

1 0 0 0
2 0 0 0
3 1 1 0
4 1 0 0
5 1 0 0
6 1 0 0

1 0 0

1 0 1
9 0 0 0
10 0 0 0

Following Figure 2.4, whenever Y0™ = 0 then it follows that K'I" =0
and K'T" =0, explain in constraint (2.17) and (2.22). Atany interval where YJ"1=
1, constraint (2.18) becomes trivial and thus K.J" is getting to be zero because when

Yjt" =1, constraint (2.16) gives KIL' to zero.

The possibility of allowing two heat exchangers between the same
pair of streams is considered. In Figure 2.5, there are two heat exchangers between
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the shown hot stream and a certain cold stream, (ij)eB. Both exchangers are placed
in series for the hot stream without any other unit in between. Then, the constraint
(2.25) is used for defining heat exchangers existence. Additionally, variables

K3"and K ' are declared as binary while YH" are stated as continuous which the

values of these variables are shown in Table 2.2.

1 2 3 4 5 b 8§ 9 10

Figure 25 Heat exchanger definition when (ij) € B,

Table 2.2 values of Y]k, Ktl' and k-2' variables when (i])e B

) Yim o Kijm
1 0 0 0
2 0 0 0
3 1 1 0
4 1 0 0
5 1 0 0
6 2 1 1
7 I 0 0
1 0 1
9 0 0 0
10 0 0 0

Whenever a heat exchanger begins or ends, the binary variables
Kid,"and Ky" are setto one. Theiii constraint (2.25) leads the values of Y || equal

to one for all intervals M between the beginning and end of a heat exchanger. Note
that, when a heat exchanger between the same pair of stream ends and another one

begins in the same interval (interval 6 for this example) then YN is equal to two.

Since W' =2 is not feasible if the Y are declared as binary variables and constraints

(2.15) and (2.16) are used, this is why a different set of equations and variable
declarations is required when (ij)<EB, at a cost of increasing the number of binary
variables.
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A similar set of equations is used to define the location of a heat
exchanger for cold streams. These expressions are presented next without further

explanation.

Heat exchanger beginning for cold streams - (1) £B

=F zeZ;neM2, =na\ieH2JeC2; iePj ,(ij)eB (2.26)

p <Y1y > (2.27)
Kiff <YifC > 167 neM2;ieH2;;6C; Cf, i/en 1 :(if)iB (2.28)
Kif > 1ip 177 (2.29)
K;J>0 ) (2.30)

Heat exchanger ending for cold streams - (if) £

Kﬁﬁ”« > YiJﬁC zeZ;neM2; = 0;ieH2;jeC2; iePjn;(ij)eB (2.31)
Krecd i 479 (2.32)
Kifl: <YgC > 26Z:meM2:ieH2:jeCIC2, ;iePi, I, :(J)eB (2.33)
S ZL T (2.34)
& S (2.35)

Heat exchanger existence on cold streams - (if) ¢ B
—-= .7 K? 26Z;neM2;ieH2]eC2-jeF, - (ij)eB (2.36)
iR

Lastly, by counting the number of beginnings or endings of heat
exchanger, the number of heat exchanger units between a given pair of streams, EZ,

can be figured out. The beginnings number is calculated by equation (2.37) to (2.38)
and equation (2.39) to (2.40) is used to generate the endings number. For the last

equation, (2.42), the number of shell, z, need to be greater or equal to the number



of heat exchanger units, EL. Because a single heat exchanger does not mean only

one shell, the shell number should be need to satisfy the required area for each
match.

Numberofheat exchangers between hot stream land cold stream /- (?1) B

Ers L . Vi \ (2.37)
Efi= L K g zez;ieH:;jeC::(i,j)eP (2.38)
Ey= L 17 (2.39)
K :t,lz\rzz-icpc k'zyc (240)
£« ez ieHLjeCl;(ij)er voy 5 (2.41)
F2<,; sz ieHjeCh(i)eP:(ij) e B (2.42)

However, each shell number will be counted as a separate heat
exchanger whenever the condition of more than one exchanger is presented. The
constraints for this situation are shown below.

Number of heat exchangers between hot stream Iand cold stream | - (i]) e B

(2.43)
meM’ ijePP
(2.44)
meM-JePjn *
W= x * 1 (2.45)
nev, #ept
N A (2.46)

new: \iePjn
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2.4.4 Heat Transfer Consistency
To explain the heat load of each exchanger unit for multiple heat
exchange, heat transfer consistency constraints are necessary to be addressed. When
heat exchanges from hot stream to cold stream with two exchangers exist in series,

for example in Figure 2.6, the cumulative heat of hot stream in interval 6, (- is
transfer to the cold stream in interval 5 and the heat left of hot stream, Q! ", is sent

into interval 8 of cold stream. The amount of heat that is transferred to the next heat
exchanger in series,q.jf, is used to calculate the heat load and area calculations in

each heat exchanger. Table 2.3 expressed the values of the variables involved in heat
load calculation which are the heat exchanger existence, beginning and ending of
each heat exchanger unit and the value of (. Another variable need to initiate is

called Xfm.. which used to find out the ending interval for each heat exchanger
connected in sequence for match (/1). So, the value of X M will be zero whenever

m and are cold-end intervals and be higher than zero in all other situations.

Figure 2.6 Heat transfer consistency example when (i]) ¢ B.



Table 2.3 Values of variables KX

[[j]d =%?7+%? _
It + & ]

M

—’N»—\»—\»—\og

1
3
6

7
8

9
10

© OO0 H O © O

O O p ©pbh 0 0 o o o

8

K E ¥Hand . when (i])e B

loorf %f+q<<f+%7+?£f
Units 1+2 +q8+TE+% (+2F
S B
9 1 0 9
b Poroe e
1 0 0
a 5 1 O 1 9
: 9 0 0
200 6] 1 1 0 E
8 8 1 c 0
0 9 1 c 1
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The heat transfer consistency constraints for multiple heat exchangers

are expressed here.

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

streams
|Z?%r/ g ij . om +4X1 3, Max %fw f 'h%tst}
| B
V e/ -,mneMz
| i, " TL<T“ {ij)eB
gy? Z *75% " e-m {Z,aA'V ’/_A\Z/;A /} ieH - jeCz
! jerf iZP:jef>:
in%wjn — = .[fIJL = F;l’-‘uZnT +T¥ VZ; ‘I‘/M7P%H
A 26Z;m,neM25TL<T"-TL>Tm
éﬁ’l / kﬁ] : {ij)es-, ieH'm; )€ ¢ KImPE; eP6
jen ie/'S
£ fc* ») |

zeZ;meM:;(ij)eB: ieH"- jeP"

(2.47)

(2.48)

(2.49)

(2.50)

(4.51)

(4.52)
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sin < \ (4.53)
Pin < Kgh y 26Z,meM::(ij)eB\ ieH:jePE (4.54)
:\ijrﬁH < Kk (4.55)
Tin' >0 ] (4.56)
s C \ (4.57)
o S v 202 NeMZ e yecr ern (4.58)

<KgC ;- (4.59)
/(>0 (4.60)

Main constraints for the heat transfer consistency are the equation
(2.47) to (2.49). All these constraints show that whatever calculated from hot or cold
stream, the heat load of heat exchanger also be the same. In addition, in case where

there is the cold-end interval, Xlﬂ]jn:o, the equation (2.47) and (2.48) become an

equality as

Zq":,lf "'27,:,;/, i Z I
N

For example in Figure 2.6, at interval 6 of hot stream and interval 5
for cold stream, the constraint (2.47) and (2.48) will be summary to

194 +M? +vljf +<ifema +Bs gff

And the heat exchanger does not start at interval 5 of cold stream, so

the value of (] f is zero. This lead the equation become

QA <t +Qils +Qli6 —iy6 =qij2 +Qi3 +Cli4 +7
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The next constraint, (2.50), is produced to make sure that there is
feasible temperature difference between hot and cold stream at the cold-end, that is
the hot stream temperature is forced to be higher than the cold stream temperature at
the cold-end of the heat exchanger. Figure 2.7 will show more clear in description.
Following constraints, (2.51)-(2.52), are used to describe that a new exchanger can
only start, in the same interval with the first one sequentially, when the previous
exchanger has ended. Last sets of constraint, (2.53) to (2.60), are used to specify the
value of variable (. This variable is created to be zero for all intervals except the

connection interval between two exchangers which continuous constructed in series,
first heat exchanger ends and the second exchanger starts in the same interval.

K HHEL 4X(13 HH(4 05 +406 A

This equation, together with the ones
written forprevious intervals, enforce
the condition that ifa heatexchanger
formatch (1) ends atinterval =3
m streamJ then it must also end at
interval some interval before m =6
in stream i

L ! :

lt 2 3 4« 5 § 7 8 9

Figure 2.7 Integer cut for heat exchanger end when (ij) € B,

2.45 Flow Rate Consistency Within Heat Exchangers
The assumption that constant flow rate passed through heat exchanger
is applied to the MILP model. The next equation group expresses the consistency of
flow rate within a heat exchanger. In Figure 2.8 depicts an example of heat
exchanger which exchange heat during the interval 3 to interval 8 of hot stream i
with the cold stream |. Next, new word need to be introduced, they are called
“extreme intervals” which are the intervals 3 and 8 for this example while
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“exchanger-internal intervals” are referred to the retired intervals which are the

interval 4 to 7.
Let explain more details for this example where allow only one

exchanger for match, (//)€B. For the exchanger-internal intervals, interval 4 to 7,
the flow rate can be consistently established as the ratio of the cumulative heat
transfer, the heat capacity and the interval temperature difference. In contrast, this
equation can not be used for the extreme intervals because the real temperature
difference between upper and lower bound of interval are not the same as normal
range, it is smaller. Consequently, flow rate for the interval 3 and 8 can be solved by
the inequality constraints as mention in Figure2.8.

0>, -r*)a ) CA,(5'-ri)~CK, E -r1y,)

Heat exchanger spanning
m 1 2 3 4 1516 1 7 9

A 574
Cpimeg -Tt)=CPm, LTH)
Figure 2.8 Flow rate consistency equations.
The equations used for classify which interval is exchanger-internals
orextreme intervals are introduced couple with the variable a. Actually, it is defined

as continuous but the following constraints enforces it to be one when the interval is
exchanger-internal and zero for all others. ,

Definition of exchanger-internal intervals for hot streams

aimit -K*”" (2.61)
IA%HS}EY%H_AY%W ) ZGZ;meMz;ieHm Hmijjep”  ieS" jeC1z (2.62)
BN e 25

(2.64)
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At exchanger-internal interval, there is no exchanger begins or ends,

so K" Ckyf o nontLare all zero and ¥§ =1, The constraint (2.63) gives

the value of ' to be one. On the other hand, for the extreme intervals, at least one

of KI > Kyf-i, Kjp . will be equal to one or ¥ =0, So, ¥ will
become to zero.

However, there is another condition, which effect to these constraint
equations. W hen splitting stream flow rate is allowed, the flow rate consistency
equation will be

Flow rate consistency for hot streams in exchanger-internal intervals-le  H, (ij) B

i | +(1a *)F zeZ;meM!NieHoP\Hm{ .
Bm -T,) Pmy - -) ) } ieSH;jeC* o

i ?n~Trn)> --------- ! !_~Tﬁﬁr(1—a;:" ).F, (2.66)

Flow rate consistency for hot streams in extreme intervals - e H, (ij) IB

boin E?,"'_7,1)\A . _\((7.i'/'_'i%{/\¢&i>ﬁ'-| g ~HKAR-F A (267)
:ssp'l'J]: j e/élll’x i,j)eB

2.68

Co, ("~ )~Cp,my A +Kml+KIm ~KIn - ~ (£.09)

. For the exchanger-internal interval, a=1, that is the last term in the

right hand side of both constraints, (2.65) and (2.66), are canceled out and the
constraints perform as equality. In contrast, constraint (2.67) and (2.68) are defined
for the extreme intervals. Constraint (2.67) is referred to the beginning of heat
exchanger and the end of exchanger is expressed in constraint (2.68). Consider
(2.67), at the end of exchanger, the last term in the right hand side is deleted. The
last term in (2.68) can also be erased whenever there is a starting of exchanger.



28

However, the effect of stream splitting also needs to be concerned.
The possibility of appearing two different heat exchangers in the same interval is
used to construct the constraints for stream splitting.

Flow rate consistency for hot streams in extreme intervals -ie ", (ij) e D

te" tel

Cpim_ (tel- (269)
ZSZ ;meM2
(2+kzH-KiH-Y2'yF 1 eHif)HmL
Jcmm( te) -CDT{ *_LH]_;_ y yejpi />E1 (270)
ieSH;jeCz;(i,j)eB
O'rH Ql];H <A u%l-ll . % Tsz,)rl?v\'l1 KZ‘im yo Ih]/|mIJ/ | - (27].)

/pm m~ n,s l (}n|—|m15

When a heat exchanger starts at interval ra-1, the constraint (2.69) is
applied while the constraint (2.70) is used to identify when another heat exchanger
between the same pair of hot and cold stream that ends at the interval m-1
Constraint (2.71) expresses at the end of a heat exchanger which the possibility of
having two heat exchangers that start at the same interval is concerned. Al
constraints, (2.67) to (2.71), can be simplified for the case that stream split is not
allowed hecause the flow rate for exchanger-internal intervals is equal to the actual
flow rate.

Flow rate consistency for hot streams - I<€SH

- ij- AHe zez:me M2Ziell: , Il 11+ e " (272)»
aj)tBjec2;jepEl /™ />,
)Aen zeZ;me M2ieH® L /,; ['+;ieSH (273)
jeC2;jete, [." tel
" te" +te" +te" - 2}Ae" 214)

In case that only one exchanger is permitted, expressed in constraint
(2.72), the heat flow is equivalent to the amount of enthalpy change for any internal
interval. However, for the multiple exchangers, the variables Y is probably higher
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than one. Therefore, two following constraint, (2.73) and (2.74), are set to satisfy the
concept of equivalent between heat flow and enthalpy change.

Consequently, flow rate consistency constraints for cold streams are
shown below.

Definition of exchanger-internal intervals for cold streams je s

e <\-K (- (2.75)

th in v2eZ,neM1-jeC F\C* LeScjeH 1JeP Hr\P» (2.76)
aiy = # W (2.77)
«fj? >0 (2.78)

Flow rate consistency for cold streams in exchanger-internal intervals-/G ¢ ,(ij) &B

| o . 26Z\neMz; j&sc (2.79)
Cpjnc7 -Tj)~Cpj,_l  -tny~rah "Fj\ jeCKnci t;ieH*\ /<ze /1

Cpa{e] -T,'j~ Cpy.s )~ 12 AFj (280)
Flow rate consistency for cold streams in extreme intervals -je ¢ {ij) 7B
o2 T e (281

zel rteM ! ;(i.j)eB
e de e TN+ AT KM jeshiecenci (282)
Cpﬁ” Tﬁ anTh—XTET A |JeHz;Jie/£rw£1

Flow rate consistency for cold streams in extreme intervals -je S ¢ ,(ij) e 5

1 -
COT=TR) S CpptteTry ¢ v p KA (283

’ ) y , Z:neM:J ,(i)eB
Upirﬁﬁfpg tp]'nj‘?ﬂ%'\:w\?“'”m_Kijnﬁ' Y&y & Z?/eén;eye ,'(Ia)_, (2.84)
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N— zeZ,neM:

sk K n )} E - esrjecne-1 (28))
foll-e6" M.,
Flow rate consistency for cold streams -jg 1

g*>( 1, 1AM eZnemsjecn. G Gl (2.86)

6N Iy N,
ster-KE-kg\ AH*  zez;neM:jeClne neTi1g., (287)

© (ij)eBsieH>;iePr JE JEH
i fell+ +*E£|- ) (2.88)

2.4.6 Temperature Difference Enforcing
This part is necessary to generate in order to assure the heat transfer
feasible. Firstly, Figure 2.9, constraint (2.89) and (2.90) introduce the temperature
difference of extreme interval for the condition that there are no splits are allowed.
Additionally, constraint (2.91) to (2.96) further explain in case where stream splits
are allowed.

é.4;'5 6 |7 _s=l 9 %w»g
l‘ : i

H A2,C \ l ~1.H ~1,C
\'5 \‘ th' q(f")

Tt é;-, >TL, Gm, \ \ d

™ FCPum, * FCp, \ “ FCp,., FCp,
P 3 N T T .
n! 1| 2 is' 4 5 r 6 1 7 ' 8 ! 9 l

Figure 29 Temperature difference assurance when splits are not allowed.

Temperature feasibility constraints - jg Hj<€ 1

ol 7B st gt 2 ey T EZmnef A< (289)
m F.Cpm Ficpjn y ' NI6CES YN elE yelE
rpu vuzm 1y W (2 k:F) 1Tl (2.90)

F.Cpm " FjCpj, >
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Figure 2.10 Temperature difference assurance when splits are allowed.

Temperature feasibility constraints - ieS H,jeS ¢ (ij)

K82~k A - K 1\ (291)
gn tQn P K- Kt RN 09
Lm £ H ~ 1 ﬁ uPJm\ i ~1 yleH r\HA jeC!,nCA
<ie%r\pt. ljeiz ",
ATw
M TW x V't 0)1, W m 2%
<2-kj-K (2.94)
jo <, fim G j2_pn gzo)r o LRI o
m~1" $n\ rEL \Ale\ m ~ 1n ||9//, ' «]:79(); Cl,:

[" 6 LA

f Copl#(2-*M-* b (2.96)
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All these next constraints are performed only for overlapping pairs of
Intervals where TY<TX and T]' >T] which mand  are the overlapping intervals
of hot and cold stream at the hot end of heat exchanger. Constraint (2.91) i
generated to guarantee that the cold end of the cold stream of heat exchanger will not
be located at the same interval with the hot end. Feasible heat transfer forces the
constraint (2.92) invalid. That is the hot end temperature for the cold stream is less
than the hot stream. Moreover, constraint (2.93) stated that the hot end temperature
of the hot stream equal to Min {TV ;T1'} as illustrated in Figure 2.11. Finally, the
constraints for the case of multiple heat exchangers are presented next.

i 6 | m‘15253?4 /s,\c§
|

=
=

Figure 211 Temperature difference assurance at the hot end of an exchanger -
leSH,jeSc,0V)<B

Temperature feasibility constraints ieS H,je ¢ Jij) eB

w it - Ay - B (2.97)
il A AH zsZ;mnEM":ie "

o i, Pl 0 T (09
m o m ol Pjm el Il4yec;
1oITLC i6ri /£"j6p: "L

~2¢ -
e L G - 'C) (AU (2.99)

A 1| N Y
Im =1 ln+\Tfn+\ "Pin+

A//ﬂFl (2.100)
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Kii <L+Y §-k§j-K g (2.101)

CTTZH eZm, 6M /65

Iu Hij | Pim 2 _ w ViC A
ﬂﬂ%ﬁ“j w/%n%ﬁ%&”mw

£ L-Lyele I,

i-Mafoiif A- A <f ~A~kh " A (2103)

2.4.7 Heat Exchanger Area Calculation
The area of heat exchanger can be determined by considering the heat
transfer of any stream match.

Heat transfer area for one heat exchanger is permitted

A A Qmnitim - hd)

- B NP / zeZ ieH!;jeCL(ij) p (2.104)
. m jn

For multiple heat exchangers between streams i andy are allowed,
each exchanger area can be formulated by this following constraints.

Heat transfer area for multiple heat exchangers

b < bkap 7 AT 20 A ¢

eZ;msM!  (2.106)

4/\&\4‘{]” 1C-hrK |ZeHmeC( )
< } JePE; (|J)eB

4% 4-1 4 2107

M (2.108)
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Z‘}Iiﬂ m 2= Eil;;’lf l ¢ Z ’m ¢ M : (2-109)
HEA\';'_T,,[<7',;,. ieHl ;jecz
iRl > jef:(ij)eB
* =
e =1. (2.110)

The maximum number of heat exchangers allowed per match, «
required for area calculation. The heat exchanger area of the A-h heat exchanger is
calculated by subtracting the area of the former exchangers, «-1, from the total

accumulated area until the end of the £-th exchanger. The hinary variables, Xy* ,

are used to specify which exchanger is present at a certain temperature interval.
Obviously, all constraints (2.105) to (2.110) are constructed for hot stream intervals
only because hot and cold stream intervals can generate the same heat exchanger

area.

2.4.8 Number of Shells
The variable  * is used to define as the number of shells.

Maximum Shell Area

ds =47 Uy ze Z;ie Hl;jeCZ;(i,j)eP:(i,j)£B (2.1112)

A ik A A*maxU*'k zeZ; ieH!;jeC!;(i,j)eP (2.112)

2.4.9 Objective Function
The objective function of the MILP model is to minimize the
annualized total cost, this is composed of the operating and capital cost. The simply
assumption of linear relation is used to approximate the total cost. The equation
applied to calculate the objective value is indicated below. The first term represents
the cost of hot utility, the second referred to cooling utility cost, followed by the
fixed cost for heat exchanger and end up with the area cost.
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ie%iu:(jé)c ClIF AT, +X Z (ﬁHSjK ATI Z“%H aezg M+ M)

Min Cost=Y
1

(i)eli (2113)

11 igH‘é*fig#>**+ <4

-Hijh»
2.5 Model for Retrofit 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. The MILP
model is extended by adding some constraints for being the retrofit 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 expanding
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 integration
among Process streams.

2.5.1 Area Additions for Existing and New Heat Exchanger Units

The number of heat exchanger unit in each match is considering for
the additional area. Firstly, for the case where only one heat exchanger unit is
allowed per matching, (ij)<E B, both possibility of adding the exchanger area in the
same shell and a new one are proposed. However, when (Jj)e B, there are more
than one exchanger 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 exchanger unit is equipped with the existing network.

SXLV&Vo0
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Area addition to the existing heat exchangers - (ij) g B

A<AT+AAT+AT (2.114)
AA] <AA" y zeZ; ieHL;jeC (i,j)&p\(i j)tB\UaA (2.115)

V() (2.116)
< ] (2.117)

The area of exchanger per match (ij) which presented only one
exchanger should not over a summation of the existing area (af ), the area added to

the existing shells (A&*') and the area placed into the new shells (a*s). The

extended 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 (2.116). 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
process streams,

Area required for new matches - (ij) ¢ B
Au MAi/L 76Z; ieH";jeC2;(i,))eP;0J)eB ; /00 (2.118)
~ 2eZ; ieH:;jeCz;(1,))eP;(1,))eB ;Uy*0 (2.119)

On the other hand, when there is more than one exchanger unit
presented in the same pair of streams, (ij)eB, the position and order of each unit is
necessary to record. A variable M is used to identify the exchanger location, an
example is shown in Figure 2.12. For example, variable <§3=L 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 1 is defined below
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Jl | the /2-ih original heat exchanger is placed in the £-th position in the retrofitted netwoi
ik )0 Otherwise

Before Retrofit

Heat Exchanger Counting

After Retrofit

Mty 2 §31 4 RN sl | 8 4 9 310
k
B 1 2 3
1 0 0 1
h’ 1 0 0

Figure 2.12 Area computation when (i,j)eB.

The area of the £-th existing exchanger between streams i and] after
retrofit should smaller or equal to the combination of original area of h-th exchanger

rFlA?f’ S*M), the area added to the existing shells (AAy*") and the area for new
shells (A** ). Whenever an existing /7th exchanger unit is analyzed to relocate into
*
£-th position, éﬁ; . =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
addition area. On the contrary, original area term in constraint (2.121) for retrofit

match will be canceled where as the new heat exchanger unit is placed, HS%M -0,
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Area addition to existing and new heat exchangers when (i,j)eB

A'<TAfsr+AAT+A" (2.120)
g A 267 ieH: jec- (e p .G.e B-\<kekm (2.121)
(2.122)

p:; Ml (2.123)
gA “Ei eZ; ieH 1 e C - (i,i)eP:(i.))eB \<hekr (2124)
P oerer bW 2.125)

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

1 Z (2.126)

0.%p

2.5.2 Objective Function

In retrofit situation, the exchanger investment cost-functions are
different from the grassroot design. The objective function for the retrofit heat
exchanger 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
structure and the new exchanger area. All other terms, the hot and cold utility cost,
seem to be the same as the grassroot design model. However, fixed charge for the
exchanger unit is need to count as the increasing number of unit which correspond to

minus the number of exchanger unit, U-j, with the initial unit, *".
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Min Cost=x x xGFHMltx x X  A)+xx «x

z ieHU2 jeC2 2jeCIi2 ieH2 zieH2 jeC2

(ij)er (ij)er 2127
+7 | EiffMf+cfAf)+ Y.l £ "(etant +cfAf) (120

ieH” jecC1

i.Atll ii.j)eB
2.6 Additional Topics in Heat Exchanger Networks Retrofit

2.6.1 Limitation of Repiping
The restriction of changing the exchanger unit is needed to identify.
When settling two exchangers in series, an exchanger must be settled after the former
unit ends.

L K ff *w 16Z-meM2}ie /1 (i1)6/, ;52 e 1% 0W2e01 (2128)
er" [

2.6.2 Relocation of Existing Heat Exchangers

Generally, in the proposed MILP model, wherever an existing
exchanger addressed between matching of hot stream i and cold streamj, it also be
equipped in the same pair of hot and cold stream for the retrofitted structure.
However, relocation the existing exchanger unit from the original match (y) to the
different match (/] ) of hot and cold stream would be needed to consider.

Relocation possibility can be calculated by the binary variables, 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 algorithm
is considered the exchanger relocation for the case where highly reducing cost
occurs. S0, the designer should define which exchanger is relocated and the
following constraints are used to figure out the exchanger area after repositioning.
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Area requirement for existing, relocated and new heat exchangers - (ij) €B

Ay°A; +AN +y (2.129)
Af=ZAK Kk 2.13)
AH<T A"k reZ: el jeCI:()eP:(ij)eB (2.131)
§oMe Je 1 (213

2.13)
N (2134)

Where ¥ is the area of original exchanger that has been relocated to
the new match (i ). Whenever the original £-th exchanger is utilized to serve in a

new match, K is equal to one, and then relocation constraint (2.130) forces that
k=1

the existing exchanger area at the new match (/] ), Ay , 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.

Area requirement for existing, relocated and new heat exchangers - (ij) e B
Ack<A;l +MVFE+A Y (2.139)
A f=YAh M

AAT<ZAANS;-fk 2eZ ieHz;jecz;(y)ep; (i) 6B; Lk<km
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For the exchanger relocation, the objective function would be
Mn  Cost= Il "TcfF"+1S | FjATj

0.))eP A
FLodee @& Uij-uf-ht N (2.140)
"R
b,k kL
f 1-;}//; yeIC* £1- -’g_’l t<4 - )/
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