CHAPTER I
THEORETICAL BACKGROUND AND LITERATURE REVIEW

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 fumace 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.
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Figure 2.1 Process flow scheme of an atmospheric distillation unit
(Lorenz ¢t al., 1997).



The mixed vapor stream contacts down-flowing internal reflux liguid 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strippers are withdrawn as distillate products such as kerosene, light gas oil and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 (Jas 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 hottleneck 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 Linnhoffand Flower (1978).
As a result of the pinch concept, the single task approaches were shifted to proce-



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



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, hased
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 ofunits, 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 | 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 quide 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 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 I1l, 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 & 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 hased 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



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 nonlingar 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



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 Sion-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
|dentify 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.

Ini989, 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 extenced 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.



251 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|)<£ 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} £B

A2<AT +AAY +A; (1)
AR? <M i Vo 2eZ: 1 [ ec2(l)eP (1)) EB; 01 (2)
Aﬁ <%'J(ill' W (3)
mij< M (4)

The area of exchanger per match (i) which presented only one exchanger
should not be longer thane a summation of the existing area (A 4 ), the area added to

the existing shells' (A4 ) 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) 9B

APRAL Y R 26Z; eH2;jeC 2 H

K o 26Z; IR ;e C;(1))eP (1)eB:UL=0 (5
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On the other hand, when there is more than one exchanger unit presented in the
same pair of streams, (i,)¢B , the position and order of each unit is necessary to re-
cord. A variable 011 is used to identify the exchanger location, an example is shown
in Figure 2. For example, variable 8=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 fk is defined below

| If the  -th original heat exchanger s placed in theA>th position in the retrofitted network
w“jo Otherwise

Before Retrofit

1 2 3 4 5 6 8§ 9 D

Heat Exchanger Counting

After Retrofit
m: 1 2 213 4 5 6 7 8 9 10
— O —@———t >
k
8"" 1 2 3
1 0 0 1
h
2 1 0 0

Figure 2.2 Area computation when (1,])¢8

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

(Y A¥IS*M ), the area added to the existing shells () and the area for new
shells (A k). Whenever an existing i-th 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-



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?

Al“/h§A+AAZ+A;A' ")
aAf<i(ac.c) y zeZ; 1gH ;)80 1:(1])P 1 ))eB:I<k< ke 8)
by s g 0
Yo (10)
Lkt e, i6HLJeC ' i,JeP 1, )eB lh<k (11)

Do M=t 8L, 18H;JsC 1 (1 ))eP;(1])eB (12)

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

wp-uf)sul (13)
Anép

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 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

to subtract the number of exchanger unit, 2, withthe initial unit, uf .

Min COst:ge;Uzd q!gfp frt+ Y | ff)**pw Ffai +>Z(|e1zf*ijﬁz§ﬁcy (ty-Uy )

+ H™* 4 Ac )+ 4 A (4
'ziéHz(ﬁ% | «) %ié—tmm )

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 rers i

the candidate values for pump-around flow rate which are the function of i and r,
Qpais 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 But some part are different.

Heat balancefor hotprocess streams- 1IN IH:

MLh:JgMZ'e'g,Z”mj” ielmel e Hmie HUZNEN IR EPAZ  (15)
Al

<t Je



70 b<FO neFKfjé?n Zi,Jmr-.ItN f1 ~PA (16)
!
Equation (16) is used to calculate heat balance of pump-around but equation
(15) is not.

Heat balancefor hotstreams (non-isothermal mixing allowed):

I :ﬂ%fé%ﬁqun +né}%zig1-522? -”ﬁé,\n/“@ﬁ?

zezmeMziie HmiEHUZieNIH £PAZ (17)

FP2¢pi(TAr-TA £ X&J.+E £ \
Pl neMz &%%&J HgMzieHg \ \J@(fq‘leH’Cf
zeZmeMzie Hmif HUz;ie NIH;ie PAZ (18)

Equation (18) is used to calculate heat balance of pump-around but equation
(17) is nat.

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 Sut some part are different.

HijmYifal <difak <A High Yjmh

L& meMzieHmiEHUZ;jeCr;jept);if PA (19)
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ijm

zeZimeM*;ie Hizig HUY jeCT; je Pl jie PA* (20)
YFELI=S FPREYWSY z e Zime Msie HisigHU S jeChje lsierat  (21)
YW - ¥aH <o Z62meMzieHnpHUL e cT;jep" lePv
(2.138)

Wil <w,, zeZweMzje/lziiHUzjeCrje Jep7 (2
YWLE 2 Y2+ W, -1 zeZ;me M%ic HY igHU;jeCje Pl jie PA (23)

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,

Dau -Gt <> G -GpC +axy,  Max( Y AH Y AHES)

leM} IeNj leM} leM}
I1<m 1<n I1sm I<n
jepf! ieP§
Z: M*TEsTY G, peBieH:; jeCiePS; je PR ie PA* (24)
zeZ,mne 3T, <T,;(U,j)eB;ieH,;jeC,;ie 00 L=l g

azH ~zH ~zC ~zC z
E ,qtjl ~Gijn = § i~ ~9ijm + 4XMnn,jn
leM]

leNj
I<m I<n
zeZ;m,neM’;TnLsT,f,];(i,j)eB;ieH,f,;jeC,f;iePﬁ:;jeP,-:,’;iePAz (25)
H H (U L
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eZ;m neM Tt < 1 {iJ)eBlieHnl e C aliePfnljeP MieP Az (26)
XMmnT* JQmn>  xw IinrFPRYr Y{CpfAT'V -T 1)

e T rieM 2T <T%:(ij)e Bj e Hm;je CRIePfjje P*lie PAZ (27)

XMirin -(I-K Jn)Qi,mJ'ﬂ,<XimJn |éWAHﬁ,c
IeP¥,

e :mne Mz\Th (28)
%‘M f

te2im neM 2 < ;(i)e B;ie Huje cmyieP je p- ie PA (29)

XMijn > Ximjn

XWiins =T & iy <O

vezim e e < [)e BitH mle CZiephijept iepa: (30)
Xl - X WigMrd - V- iy Dt <0

eZ;m neMzT.L<T%;(,j) e BUGH D) ecz;ieph;jeP";ie PAZ (31)
(XM XW djny)>0

ZLmneMeT b lig)eBieHmjecziep; yeh it PAL  (32)

Equation (25) to (32) is used to calculate heat transfer of pump-around but
equation (24) is not.

Dan -yt = Y anc -ans AXimInMax{ [ >>1}
;EM,x feNj h]
<m I<n



zeZ:mneM*;F <Ti";(ij)e B,ieHm;jed ;i 6pf,;] eP»Jt PA* (33)

SiHo =2 0f

E Qi ~ Qi
N4 ¢

zez;m, EM*rL<r" ;107e ff7€HI;j€c;;i6 ;j€p“;le * (34)

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

1S<KSAR" LelMeMI(ij)eB;ie s (39)
<KFPTHCpM(TV-T1) 1ezmeMy(ij) :MeHm]jePih;iePAZ  (30)

KEP:tH= Y FPK KWmtt  dKZmtk ML) o BieHmjeP ]ie PAZ  (37)

KW I -K ;o <0 eZ;me M\(i,j) B ie Ho-j&p" 1Pz (39)
KW e el-meMz(ij) 5eHmjc iePZz  (39)
KWE&>Kj+Wt -1 26Z; oMl(ij) 5 cHM ep" 16 PAZ  (40)

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

0 K e 2o Zw M2;(1) <=BjieHm]c " IGIE (41)
gtf <KFPICpm(T"-T1)  zeZmeMr(ij)cfi/6Hmjc o M @)

KFPL™ ; cor & 16L;meN;(ij) 6B ie Ha-jepU;icPA 3)
[
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RWE K27 <0 Z62:0 « Mz;(1,))eB;i HnjeP %G1 PA (44)
RWER <, 2. ZmeMz;(1))8B;1s Hanj p”;ie PA (45)

KWE > K28 W, ~1 16Z;meMz-{1)<EB-jeHn| &P”’;1ePA (46)

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

2534 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.

Y ijm < Y ijm-1 (]—a'.’H)-F
CPu(TE <T2) Cpui T 5 W

zeZ;meM*ice H: nHE sie SY; jecije BB sie PA (47)
. éﬁ;’nﬁ . ‘}yz';r{il
Coim{Tm =T}~ CPim-| (s ~ mfeyp

zeZ;meM*ic H: nH: ;;ie8;jeCtije P AP ;iePA (48)

+(FP" - FPaj,)

FPag =Y FPRI WAL

zeZymeM*ie H:NH: ;;ieS?;jeC*;je PP nPH ;iePA (49)
z,H z,H
Wa,,,—a; <0

zeZymeM*ie HLNHE ;ieS?;jeC*;je P nPH sie PA (50)

W z,H _W

ijm.,r
zeZ;meM*ieH.NH: ;ieS?;jeC?;je P A PH ;i PA (51)

Wail 2ai +W,, -1

ijm,

ze L-Me Nt ¢ Hm NolG "',j ¢ CZ‘,je [>" FP’/O_IIGPA (52)

Equation (48) to (52) is used to calculate flow rate within heat exchanger of
pump-around but equation (47) is nat.
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'ZH *7H
Cpimit] -Ti)~Cpims(tE -T A ) xa™ )F

29 ZotghAlz |z 1,16 ";56Cz;y6i>"npE_jrtU PAZ (53)

------------- Zé#l_%n_{_ﬂpq PP ZHN

z6Z;meM zicHmnH m L /6 tle 1 (>4)

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

Y BT O3 e M

P|m (Tm~Tm) cp ~

ZeZplEMzicHM 112 Lysp” 1 1€ "jeCZ(ly)e g » (55)
| ZH
i - pooxALTE )
zoZmeMzicHnr\HmLjeP" nP" LieSH:jeCuz:(i,)eB;iePA (56)

Equation (56) is used to calculate flow rate within heat exchanger of pump-
around but equation (55) is not.,

EP’/m{fg—ﬂfIr)\< cpim-ﬁﬁ%igzl--\{Jrﬂ,in_\s\Jr a h- I+%(1FH k ZHX

Z6ZMmoeMz/GHM 1z 1) 6 " AL 116 ";yGCZ;(/,y)« ,/g (57)
~ZH
+/\ 1 +/\ N 1
ZGZw GM z;/G/lz [lz_L,§y6 " p" LIG "y GCZ,(/,y)g R (58)

Equation (58) is used to calculate flow rate within heat exchanger of pump-
around but equation (57) is not.
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Zez;0me M2;ieH" nHm_s;jep™ *.LJe ";;»eCz;(i,j)eB;i<PAZ (59)
S R R A - (FP? +KFPaH] + kFPat' - KFPAHI)
APim-iyIm-\ ~ 1m-\)
ZeZ;meMziie Hoir\Hm x\ie  /r ;0e "y, €Czy(i,j)eBie />4 (60)

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

1 - (0 _szH o TIZNN T
piml V) PhimAm ) AN R
7eZ: meM2ieHnr Hm L ¢ — » 1S ] 6Cz;(iJ)eB,igPA (61)
- » -
ZeZweMziieHmce\Hm ;e " [ Lie " e C2;(i,j)eBie M (62)

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

@UC-t)- (] T-)+@2+*™ - _11H

zeZ . -mettriern Ji*Lye " [>"Lle ":mseczfl)e /B (63)
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Ui i _ i +QFBY + KFP:E - RFPEY - YFPEH )
ComlT ~T8) CperTRa =Ty =~ Al

zeZ;meM*ie HENH: ;jePENPY ;ies”;jeC?;(i,j)eB;ie PA (64)

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

Gim 2\ =Kt - Kol )- AHT PRy prieBty 0
Gt =l - kg - R} s JeC’;]zPﬁtHP"nPAlePAZ )
Gt 2 (PR ~KFRZ - RFP) -CRll (1 =T zeZime M icHy \NHLNH, ieS? (66)

jeCi yePE NPENEE, sic PA*

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

2.5.35 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.

g éf’c ( )
The =2 _>rly "o _(F_KH_KrC)TY
ijm ijn
" F.Cpy, " chpjn [
ze Z;m,neM’;T,,LsT,f,];T,,U2T,,’,‘;ieH,f,;jeC,f;ieS”;jeSC;iePﬁ;je Pl:ig PA (67)
FP‘{,H ~2,C
Py = TN o e M 0 RS pHC
Cpim chpjn
zeZimneM:TE <TVTY >ThieH:; jeChieS?;jeSCiie PS;je Pl iie PA (68)
~Az,H

Wq:
~AzH _ ym,r
Fqujm _ZFPR,”,
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LGz;m, Gom<T" P >eugHmjCozle /e ¢ Gp0;/ Gimy/GPiz  (69)
NS M

26Z;m, GMZP  <P*P >TM/eHBI €0 '« ".lg O0iep®ilep”ilah2  (70)
(O WA - - i) i 50

76 Zm«e 2,Tn. <p"ip" >R/ H ﬁl,j G CZ;ie ";j € 0/cp0;/c "o PIfz (71)

zez;m, eM2TL< P">ro/cHm) cezyg ";le 0:/sP0;/6p":lcPzlz (72)

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

i Ve D7) SIH Ry

F Cpim Cpln

zeZmKGMZPo<p";p" >PrG Hm;/eCrz;/g "9 0;/Gp°;lep";lg PZz (73)

y!t/_Fqujm n qn ~( KN -
g B KT

2oL, o MZPo<p™;P° >PO:/cumjcczy« "o Oilep®lep™:le Pz (74)

Equation (74) used to control temperature for pump-around heat exchanger
but equation (73) is not.
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2eZ ;mneM* ;ieSH;jeSc;T,L<T% T,U>T"ieHm [/:+1;eC2 c*/6/$ [£ 1-leP* [>"L/6p 2 (76)

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

fim < c¢jm-\ pim y,“mA//,ZH
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Fon ) TLCpY F(JFETRERE S A ) CPE - Ty -

sezma<eMz siesHiescnl <ustoisn: e, C GS F$].76/$ [ 1/6 PR (78)

Equation (78) used to control temperature for pump-around heat exchanger
but equation (77) is not.
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Cpi},{mH(Trfle - Tr5+l) (80)

ZEZ mpe MIESY eSSt TP T T sTHieH. NH.
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Equation (80) used to control temperature for pump-around heat exchanger
but equation (79) is not.
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ifm ijn

zeZ;mne M*;ieS” ;je S Tr2 P! ST Lae HEQHL  ; (81)
JeCNC, ;ie P,SnP,S-l;jEE:.l nf;:-l;iﬁ PA*
) Ty ~T)

sz,H _ ~z,H ~z,H i = A
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jeCNC, ie P/g nP/S—I 3J € P,,':,l nB:—l;i € PA

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 (/'] ")of existing heat exchanger units is changed
from original match (i]). Relocation possibility can be calculated by the hinary 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.
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2.6.1 Area requirement for existing
Relocated and new heat exchangers- (ij) £ B

Ai<A2+AAI+AT A

: (83)
b= thvr 8
' )

. zeZ; ;'ellz;y'eCz,(i,j)eP;(i,j)<£B
Aﬁ SAg’na( o | |5-;'* (86)
' oTe k<l (87)
1 1) J (88)

Where Ak is the area of original exchanger that has been relocated to
the new match (/3. Whenever the original &h exchanger is utilized to serve in a

new match, ® ¥ is equal to one, and then relocation constraint (2.130) forces that

!
the existing exchanger area at the new match (i]"), 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 - (i) e B

LX<AK+AAT+4 A -
Lfo=px *x "
AAf<I> o a
:[Eijlk <AijZnax 1-1 e SR (92)
< (93)

ol (%)

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 he

Mir COSZT?Y E Ea Aty E E~A 7
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