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two streams, activates splitting control and allows for mixing temperature control. We solve this model
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Results show structures that cannot be obtained using the stages model (Yee and Grossmann, 1990) or
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1. Introduction

The problem of designing heat exchanger networks is perhaps the
oldest problem in the discipline of Process Synthesis/Process Systems
Engineering. Many articles were published and continue to be pub-
lished because, arguably, the problem continues to challenge acade-
mia and practitioners.

The latest good review is an annotated bibliography by Furman
and Sahinidis (2002). Of all this work, we specifically point to a
general superstructure for HEN design was presented by Floudas
et al. (1986), which is the starting point of our work. It consisted of
a model that included one heat exchanger between every hot and
cold stream, with connections made such that every possible
flowsheet is represented in the superstructure. The model, how-
ever, was not used in practice for a variety of reasons. First, the
MINLP solvers of the time, and many of them today, do not have
good enough feasibility steps that would guarantee at least one
local minimum (the model is non-convex) and without good initial
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points it usually turns infeasible. This discouraged researchers and
practitioners. Second, the model would render some impractical
answers, product of several splitting and mixing (we illustrate this
later in this article). Third, many systems that exhibit heat transfer
bottlenecks (i.e. pinches), require that some pairs of streams
exchange heat in more than one exchanger, typically two (one
exchanger on each side of the pinch, not consecutively, of course).

As a response to the aforementioned difficulties, a model more
amenable to MINLP solvers was proposed (Yee and Grossmann,
1990), which makes a series of assumptions: it assumes isothermal
mixing and presents several stages where more than one match
between streams takes place. What made the model attractive is
that the only nonlinearity could be confined to the objective
function. The model became very popular, to the point that some
other studies followed not assuming isothermal mixing (Bjork and
Weterlund, 2002) and allowing some different configurations
(Huang and Karimi, 2013). All these efforts were not able to cap-
ture some alternative structures, like several exchangers in series
on each branch of each stage. Thus, the only model that is still
capable of capturing important and useful alternatives is a
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generalized superstructure where several exchangers between
two streams can be used.

As stated, the major difficulty of all the aforementioned models
is the high level of non-convexity of the MINLP models, which not
only leads to local optima, but may also fail to produce a feasible
answer if it is not provided with good initial points. The only
alternative to these models is the use of global optimization.

The academic efforts and the available commercial software were
reviewed in our previous article (Faria et al., 2015). We only highlight
what are the options we pursue in this article: all HEN models contain
bilinear terms consisting of flowrates multiplied by temperatures. In
addition, for HEN models, the heat transfer equations relating heat
transferred with LMTD values are nonconvex. If one uses some
rational approximations (Paterson, 1984; Chen, 1987), one can make
appropriate substitutions (Manousiouthakis and Sourlas, 1992), to
reformulate the problem using as one containing purely quadratic/
bilinear models.

In this article, we explore the use of our bound contraction pro-
cedure for global optimization (Faria and Bagajewicz, 2011a). In our
lower bound, we follow the direct partitioning procedure 1 (DPP1)
strategy for the relaxation of bilinear terms and we exploit the uni-
variate nature of the LMTD terms (or their rational equivalents), to
build relaxations that do not require the addition of new variables
(Faria et al.,, 2015). Finally, we also use a new concept of partitioning
additional variables that help “lift” the value of the lower bound. We
call the technique Lifting Partitioning.

The paper is organized as follows: we present the revised super-
structure model first, including mixing and splitting control con-
straints. We follow with the lower bound model. We discuss the
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describe how the HEN design model can be developed, we address a
simple network, which has one hot stream and two cold streams in
Fig. 1. Without loss of generality, we assume there are two heat
exchangers per hot/cold stream match and they are not necessarily
contiguous or in series. Fig. 1 illustrates the nature of the super-
structure for just one hot stream and two cold streams and two
exchangers per pair of streams, although the model can have many
exchangers.

In the original formulation by Floudas et al. (1986) the feasible
space is defined by nonlinear constraints, many of which are
bilinear, and other purely nonconvex functions. Bilinear functions
are included in the heat balances equations of heat exchangers and
mixers. Nonconvex functions are the part of heat exchanger area
calculations. The non-convex and bilinear MINLP model presented
in this paper differs slightly from the original formulation.

We first introduce the nomenclature for streams. They are
depicted in Fig. 2. Index i refers to hot stream and j to cold stream.
Each exchanger k has their inlet and outlet temperatures and
flowrates denoted by Th;{;’:m,Th;ﬁ’iout,Fh;;’;’im and Fhi7* | res-
pectively. These inlet temperatures and flowrates are a product of
mixing a portion of the feed Fh* with streams from other
exchangers (ijj,kk), fh};;j”k The variable fh;;’;g( represents the hot
stream from the heat exchanger (ijk) to split to the heat
exchanger (i,jj,kk). If kk is greater than k, there is no stream from
the heat exchanger (i,j,k) to (i,jj,kk).

We now present the equations of the model:

® Mass balances for splitters

bound contraction strategy next, including the lifting partitioning and Fi=>"SN Fh =0 vi (1)
the uneven interval size bound contraction procedure. We then pre- ik
sent results.
K )
Fi=3_ > Fey'=0 vj @
Tk
2. Generalized superstructure
The HEN design model of the heat exchanger network uses the Fhl" . — (ZZf h;;fi{’{ﬁFh:;'uf) =0 (k<kk) Vvijk 3
superstructure model developed by Floudas et al. (1986). In order to i kk
Fop s Tor Fe', . Te,",
(_\ ‘ Cl
HI1-C1
) ) 3 )
Fhl‘nll’Tl71‘rvl‘ Fh, Th, Fh,' . Th. ' TT1 Fh)",Th),
P
i
() HI-C1 ) ),
i Ty @ cl
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Fig. 1. Heat exchanger network superstructure; two exchangers per match.
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Rk M(gg fcf,;f;;;mg{j;) _0 kb viik @

i kk

Mass balances for mixers

FRP* 4SSN fhil —Fhii* . =0 (k=kk) Vijk (5)
i kk

FEIK 3TN fi —Feik . =0 (k>kk) Vij.k (6)
i kk

Heat balances for mixers

FiTy—>" N FRUETHI =0 vi @
i ok

FT=> " " FeliTeli =0 vj ®)

i k
FHIATHLY S A T =0
7 Kk
Vi j, k 9
FC Tei“+ 3> feiitChick = Feime T in =0 k=Kl
i Kk
vi,j, k (10)

Heat balances for heat exchangers

QUJ< 7Fh;1‘i<k— in (Th;;lxk— in~ Th;;]xk— out) =0 Vvijk an
Qijk— Fclhl)x,i in (Tclhl}xli in~ TC;{,};’i out) =0 Vijk 12)

Overall heat balances for each stream (we assume the utilities are
last)

Fi(TIN=THUT) =375 Quje+ QY i 13)
j ok

B (T 18N) =303 Qe @Y i (14)
ik

Hot and cold utility load

Q% = (T} ~THOUT) vi as)
QY =K (17T -T) v (16)
Thi™S Th, T, Thyt
iJy ij.k JJk R
F hir;/ ! F hh,\'l—fn F hllz.\']—uul Fi h,i,,;k

o HIN - HOUT
L L

/) LI
Kk k k.

oo 1.0
th,:,}\:’;’,‘,‘/ lhk,kk

Fig. 2. Stream nomenclatures for temperatures and flowrates.

® [ogical constraints

Qij—Z;;<0 Vijk a7
QY -7V <0 i (18)
QV-0zV <0 vj 19)

The value of Q used is 2 =F; (TfOUT ijC’N>.
Approach temperature

AThj < ThE* . —Tc* 4+ r(1-Z,) Vij.k (20
ATcij <ThZ* T 4 T(1-Zy) Vij.k 1
ATV < Ty —Tourcu +F(l —ZiCU) vi (22)
ATV < TOUT,HU—TJ‘C+F(1 —Zj””) vj 23)

The value of Q used is 2=F; gTJCO”T - Tf’”).
Minimum temperature approac

ATh,‘J',k > EMAT;; Vi j k (24)
ATC,'J',/( > EMATU Vi, j, k (25)
ATEY > EMAT;; Vi (26)
ATV > EMAT;; Vj 27)

Equality of temperatures in splitters (inlet and outlet tempera-
tures)

ThP* =THN i j, k (28)
T =T vijk 29)
ThiZX . =Thist = thgl  vijk 30
T = T~ 1 ik Gy

Additional ~ constraints  for temperature (when TN <
TCOUT o THOUT _ TCINY
j i =1

T{™+ EMAT; < Thi , <T{™  vijk G2)
TN <Tel < T —EMATy; vijk 63

max(TjC’N +EMAT;,, T-”OUT) <Th#K  <THN vijk (34)

i hx — out

max (THOUT _ (THIN _ TCIN) TCIN) < Tk
l 1 J > = “hx—out

< min (Tf”” —EMAT;j, TJ'?OUT) Vij k (35)

max(TjC’NJrEMATU, T,HOUT) <thhd <THN i jji,k.kk  (36)

max (1T — (TN - T{N), TEV) < teclffi < min (T - EMAT; TOT) - viliij.k, kk

(37

The value of EMAT can be chosen for each match, but in industrial
practices, usually two values are used, one for non-phase change
fluids and one for exchangers where phase changes (condensers,
etc.). The minimum values also change depending on the type of
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exchanger used (shell and tube, plate, etc.).

These constraints are needed when THN

< TjCOUT or Tf'IOUT < T]-CIN,

so that better bounds on temperatures are used. We believe this

helps computations.
® [Limitation to avoid recycling

We avoid the recycle crossed out in Fig. 3. Specifically, when
the flow form one exchanger to another is positive, then the flow °
back is forbidden. This helps computationally.

WS —Ymhy;-T<0 G #4) Vijjj
k.kk

> fhidi—Ymhig; T<0 G#j) Vijjj
k.kk
Ymh,-JJ-]-+Ymh,-jjJ <1 Vi,j,jj

i . . PP
E fck,,<k—Ymcj,i,ii-Fg0 (i#ii) Vi,ii,j
o kk

S fd—Ymei- <0 (i#ii) Viiij
k,kk

Yij’i,,‘,‘ =+ Yij’,',‘),‘ <1 Wi, ll,]

(38)

(39

(40

41

(42)

43)

where Ymh;;;; denotes the existence of the stream between
heat exchanger matches (ij) and (ijj) and Ymgc;;; denotes the
existence of the stream between heat exchanger matches (i,j) and

(iij). The value of I" is equal to F;.

® Area calculations

The area of each exchanger can be expressed in terms of the heat

loads and the temperature differences using Chen's (1987) approx-

imation for the logarithmic mean temperature differences:

3
Qijk—AijrkUijk ¢ ATh;; ATcijk [

ATh,'J',k —+ ATCUJ<]
2

=0 Vijk

(44)

33
CU_ aCUCU | A7CU (HOUT AT+ (TFOUT 7T'N'CU)} .
Qi —AT U\ AT; (T.- - TIN,CU) 5 =0 vi (45)
3 ATHY 4 TinHU — TeouT
Q" 7A]HUU;'UJ ATV (TIN,HU - chour) [ ! ( ) ! )] =0 vj (46)

Maximum temperature differences for mixers

When mixing streams that have different temperatures, there is
a concern about mechanical stresses in mixers. Thus, in order to
limit the temperature differences between streams that mix, we
use the following constraint:

Qijk—Pijk < TMMaxij,  Vij, k (47)
where ;) is the highest temperature of all the streams
entering the mixer and f;,, is the lowest temperature of all
streams that are mixing. TMMax;; is the maximum difference
of temperatures allowed in a mixer. To identify a;;; and f;,, we

introduce new binary variables Rh{* and rh}/ to denote the
existence of streams with non-zero flow entering the mixer. If
Rh;{‘k is one when th”k has nonzero flow and zero otherwise. If

rhi% is one when fh% has nonzero flow and zero otherwise.
FhiI* —I - Rh¥ <0 vij,k (48)
SHGL—T gl <0 vijjj.k kk (49)

With these, we now determine the maximum and minimum
temperatures among all mixing streams.
Maximum temperature among all hot streams in mixers

aij= TR~ (1-RHJY) vijk (50)

aij < ThP* 4T (1 _Rh;?,{”‘) +M- (1 _pHup;Ig?") vij k

(531

CU
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Fig. 3. Forbidden recycles.
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QAjjk > th;;ﬁ’f( -r- (1 - rh};ﬁi) Vi, j,jj, k. kk (52)
Qijx <thil+T - (1 - rh;y,{j;) M- (1 - pHup;'g,{j;) Vi,j,ji, k, kk
(53)

where PHupﬁ:ﬁ"‘ and pHupjﬂ‘{; are binary variables to denote that

Thi*or th;j,ka are the highest values. Thus, for consistency, we
request that

PHup/J* + > pH up%; =Zijk Vij.k (34
Ji-kk
ik ik ..
PHup'#* < R vi j k (35)
pHupiJl < gl Vij.jik.kk 40

® Minimum temperature among all hot streams in mixers

Pije=THE 4T (1=RIIX)  vijk (57)
Bij=Thii* I (1 _Rh;i,{”‘) -M- (1 _leo;Ig?") vij,k (58
ﬂ,,,ksth;;ﬁ;,’gr-(prh;;{;,’;) vi,j.jj, k. kk (59)
Bijae= i~ - (1=rhid) —M - (1-pHIod])  vi.j.jj, k. kk

(60)
where PHlo* and pHloj} are binary variables to denote that
Thi¥*or thi} are the lowest value.

PHIo[* - "pHIloH = Z;j, vi.j.k (61)
Jibkk

PHIOP* <RRJ*  vi,j k (62)

pHIoJE < rhifl v j k (63)

An analogous procedure is applied to limit maximum and
minimum temperatures of cold streams inlet to mixers.

2.1. Number of branches upon splitting
We consider limiting the number of streams in which each

stream can divide. Consider NSplit; to be the maximum number of
splits one stream can divide. Then we write:

S RRIK < Nsplit; Vi (64)

Jik

RS+ "rhigl < NSplit;  vij.k (65)
Jikke

2.2. Number of splits

We also limit the number of times a stream is split as means to
search simpler networks. This is accomplished by the following
constraints

(ZRh;i;’,?" - 1) ~Shi - T'<0 Vi (66)

Jik

(Rhff,j’; +> rhid — 1) —Shhj-T'<0  Vijk (67)
Jikk

where Sh; and Shh;j; are binary variables indicating that there
is a split. Thus, we write:

Shi+ "Shh;j <TSplit; Vi (68)
Jik

that is, limiting the number of times stream i splits to be smaller
than TSplit;. Similar equations are written for cold streams.

® Objective Function

The objective we use is total annualized cost.

min  Qf” - CUcost+» Q" - HUcost
i j

+ Cfixed (ZZ,»M + Z Z;:U + Z ZJHU> /n
j

ijk i

ijk i

+ (ci kD A+ CY_ A+ G A ) /n (69)
i

3. Reformulation

We introduce the following new variables (FThf{’k, fth;;{;i, FT

cisk, ftc’klk‘,'<) to decompose the bilinear functions in the heat bal-
ance equations in the heat exchangers and mixers. These new
variables will play a role later when using RYSIA.

Fhi* < ThPK = FThP® v j, k11 (70)
S x =gl Vi bk o
Felft x Tk = FTc4*  vijk 12 72
el x el =l ik ke 7

Then the heat balance Eqgs. (7)-(12) are changed to the linear
equations like below:

FTy—> S FThi{=0 vi (74)
j ok
FT.—>" S FTci=0 vj (75)
ik
FThP 3" fehill —FTh =0 (k=kk) vij.k (76)
J Kk
eSSl FIglt =0 (= vijk @)
i kk
Qiju— (F Thi ,—F Th;géliaut) =0 Vvijk (78)
Qijk— (FTC;’{;’i i —FTCiEe out) =0 Vijk (79)

4. Full bilinear model reformulation

The lower bound model can be made bilinear as follows: We
start with Eq. (44) and we propose the following set of transfor-
mations:

Qi,):‘k —Aij,k {/AThiJYkATCu,k(AThi’i’kz—i_ATcij’k) -0

u ij.k
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Qiji
Uy —Aijk DTijr=0

< (80)
3 AThji + ATy,
DTi,j,l{ = AThi.j,kATCi‘j,kw
Qik _A . DT, —
0% —Aijx DTijr=0
br (AThfjJ(ATc,M+ATci2J.vaTh,»J»k>
ijk — 2
Qjk _ A .DT:.\ —
T4~ Aiji - DTijp =0
— DT2 -
_ J WDTyj, =DT,,DT;j 81)
ATHY  ATcijp + ATC, ATh; J,k>
WDTj) = 5

B —Ayjpe - DTijie =0

ijk

Sjjﬁjﬁ —AjjxDTij=0 WDTijy = YDT;xDTiji
2
WDT;j = DT2,, DT - ) YPTijue=DTijy,

WDT;j i =Sijk+Rijk

(Arhfjkac,‘ jk+ AT ATh; M)

WDT;j = 5 2Siji = ATh?; ATcj
2Riji = ATc2, AThgj,
(82)
M_A. . DT::.=0 8:: _Ai‘i)k_. DTU’k =9
U, — ik DTijue WDT;j; = YDT;; DTy,
WDT;jy = YDT; DT YDTjy = DT},
YDT;jy = DT, WDT;ji = Siji+Riji ©3)

WDT;j = Sijk+Rijk
25,~‘,~,k = AThin’kATC,‘J‘,k

2Ri,j,k = ATCIZJ,kAThl,]k

2Sijk = MT;j, ATcij
2R;j = NTiJ,kAThiJ’k
MT;j = AT,
NT;j = ATCin.k

The same can be written for Egs. (45) and (46). For this bilinear
model, one can use the same strategy for relaxation to obtain a
lower bound model as presented by Faria et al. (2011, 2015).

5. Lower bound model

In the bilinear terms, we choose temperature to be the parti-
tioned variable. In turn, the area equations are treated using the
image-partitioning model (Faria et al., 2015).
5.1. Bilinear terms

Eqgs. (70)-(73) are considered for this decomposition.

e Partitioning Th)*
ST ThD® x vThDF® < Thif* < S ThDj*e*!
[ [
xVThD*® i, j k, 11 (84)

SOvThD** =1 vij k.11 (85)
o

We partition flowrate Th;{'k using o intervals. Then FThH"‘ is
bounded by the following relations.

FTh* > " ThD}*® x FhBJ*® Vi j k.11 (86)
o

FTh* < S"ThD** " x FRBi#*® i j k.11 87)
[

The variable Fth{’k’o is introduced to replace the product of the
partitioned flowrates and binary variables. According to the direct
partitioning procedures (DPP1) of (Faria and Bagajewicz, 2011b),
we have.

FhB#*° >0 vij,k 1,0 (88)
FhB*® —F; x vThDI** <0 Vi j, k11,0 (89)
(Fhi* —FnBi**) —Fi x (1-vIhD{{**) <0 Vijk,I1,0 (90)
FhiJ* —FhB*° >0 vi,j k11,0 91)

The same procedure is used to partition TcjJ¥, thi and tc}’i.

5.2. Nonlinear function

We now work on Eq. (44), by partitioning the temperature
differences first, as follows:

> AThD;jim x Yhijgnt < AThij <> AThD;jpn1 41
nl nl

xYhijem Vijk (92)

ZATCDij,k,nZ X YCijn2 < ATcijx < ZATCDi,)',Ic,n2+l
n2 n2
xYCijkn2 ViJj.k (93)

Thus, Egs. (20) and (21) can be rewritten as follows:

Thi,”;}’i Tk < > AThDjjknt 41 Yhijum + 1 (1-Zije)  Vijk
nl
(94)
Tk o —Ted = ST ATRD i Yhijem —T(1-Zijx)  Vijk
nl
(95)
Th;;i;k, out — TC;,"xk_ in < ZATCDi,j,Ic,n2+ 1YCijrm+ 1T (1-Zij) Vij.k
n2
(96)
Th;i;k_ out — TC;I"X’Ii in > ZATCDi,}',k,nZ Yci,j,k,nz —F(l _Zij,k) Vi,j, k
n2
97)
> Yhijem =Zijx  Vij.k (98)
nl
> Yeijkne =Ziji Vij.k (99)
n2
Now we rewrite Eq. (44) as follows:
Q. .
UTJ.'k —Aijk> > Yhijn YCijun
ijk nl n2
AThD;; ATcD;;
i/AThDiJ,k,m +1 ATCDi)j,k,HZJr 1 ( ko +1 ; ¢ LhonZ +1 )
<0 Vijk (100)

Next, after substituting the product of binaries (Yhjjxn1, YCijkn2)
and area (A;;x) in Eq. (100) with new positive continuous variable(H;;,
knin2), We get:

Sij,k _ ZZH;‘J‘JQHL"Z

ijk nl n2

AThD;,; ATcD;,
\3/ AT”IDUJQM+1ATCDiJ,k,n2+1( ”""”1“; Dijsz-1)

<0 Vijk

(101)
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To complement the above substitution, the following con-
straints are added:

> Hijukninz—R2YCijyn2 <0 Vij.k,n2 (102)
nl
ZHi,i,k,nl,nZ 7'QYhi,/',k,n1 <0 Vi,j, k, nl (1 03)
n2
3> Hijkminz =Aijx Vij.k (104)

nl n2

A similar procedure can be applied to Eqs. (45) and (46). Finally,
in the case of the fully bilinear model we need to partition DT,
ATh,'J"k and ATC,’Jﬂk:

{ ; Dijki Tijues < DTiji < ; ﬁi,i,k,wlri,i,k.llzri,i,k,l =1 (105)
where D; jki are given by all possible values of the cubic root

equation. The partitioning of ATh;j; and ATc;j, are already
considered above.

6. Lifting partitioning

To help increasing (to lift) the lower bound value, we resort to
partitioning of variables that participate in the objective function.
For these we introduce new variables for the total utility usage and
the total area.

>0 -T0

J

ZAi,}',k =TA

ijk

(106)

(107)

These new variables TA and TQ are partitioned using m and p
intervals. We use binary variables vTQ,, for TQ and vTA, for TA.

Zm: (TQDy - vTQ,,) <TQ < Zm: (TQDp41 - VTQ,) (108)
D vTQm=1 (109)
> " (TAD, -VTA,) <TA< > (TAD,, 1 -VTAp) (110
p p

(111)

D vTA, =1
p

TQD,, and TAD, are discrete points of the total area and
exchanged heat of heater.

We also experimented with partitioning of variables repre-
senting the product of flow and temperature, in Egs. (70)-(74),
namely FTh;{’k,.ETcg’k, f th};’,‘g{ apq frei. W_e;__introduce new binary
variables VFThi* vFTc*, vfthiil and vftcl for this purpose.
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o [
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dFTh* dFTcy*, dfth and dftcdl are discrete points of the

bilinear variables.

7. RYSIA's solution strategy

After partitioning each one of the variables in the bilinear terms
and the nonconvex terms, our method consists of a bound con-
traction step that uses a procedure for eliminating intervals. In the
heat exchanger network problems the bilinear terms are com-
posed of the product of heat capacity flow rates and stream tem-
peratures, and the nonconvex terms are the logarithmic mean
temperature differences of the area calculation. The partitioning
methodology generates linear models that guarantee to be lower
bounds of the problems. upper bounds are needed for the bound
contraction procedure. These upper bounds are usually obtained
using the original MINLP model often initialized by the results
from the lower bound model.

We defined different variables:

® partitioning variables, which are the ones that generate several
intervals and are used to construct linear relaxations of bilinear
and nonconvex terms,

® bound contracted variables, which are also partitioned into
intervals, but only for the purpose of performing their bound
contraction (these are those that participate in the lifting), and

e branch and bound variables, which are the variables for which a
branch and bound procedure is tried (they need not be the same
set as the other two types of variables).

The global optimization strategy is now summarized as fol-
lows: we run the lower bound model first. Then we use the result
of the lower bound model as initial values for the upper bound
model. If the upper bound model turns infeasible, we fix all inte-
gers Z; J-,k,RhH‘k,ch’k, rhh;;’,j{( and rcc‘k'é,’< to be the same as those
provided by the lower bound, we ignore the mixing constraints
and solve the resulting NLP problem. If, in turn this NLP fails, we
additionally fix the Q;j, values to be the given by the lower bound
and solve again as an NLP. Finally, if these last also fails to give a
feasible solution, we fix all flows and remove the area equations
and area cost from the objective and solve the resulting LP pro-
blem. The area can be calculated from the LP solution and there-
fore the cost of a feasible point is obtained. After the upper bound
is computed, we proceed to perform bound contraction on all
variables as explained below.

7.1. RYSIA's bound contraction method

The bound contraction procedure used in the interval elim-
ination strategy used by RYSIA and presented by Faria and Baga-
jewicz (2011b, 2011c) and Faria et al (2015). We summarized the
basic strategy in this section. Further details of different strategies
can be found in the original paper.
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1. Run the lower bound model to calculate a lower bound (LB) of
the problem and identify the intervals containing the solution of
the lower bound model.

2. Run the original MINLP initialized by the solution of the lower
bound model to find an upper bound (UB) solution. If there is
failure use the alternatives provided above.

3. Calculate the gap between the upper bound solution and the
lower bound solution. If the gap is lower than the tolerance, the
solution was found. Otherwise go to the step 4.

4. Run the lower bound model

a) forbidding one of the intervals identified in step 1, or
b) forbidding all the intervals including the one identified in step
1, except the most distant.

5. Repeat step 4 for all the other variables, one at a time.
6. Go back to step 1 (a new iteration using contracted bounds
starts).

In step 4) if the solution is infeasible or if it is feasible but larger
than the upper bound, then all the intervals that have not been
forbidden for this variable are eliminated. The surviving region
between the new bounds is re-partitioned. If the solution is fea-
sible but lower than the upper bound, we cannot bound contract
and we move to the next variable.

The detailed illustration of the interval elimination using the
bound contraction procedures was introduced in our previous
publications using examples (Faria and Bagajewicz, 2011b, 2011c;
Faria et al., 2015). In those papers, different options for bound
contracting have been introduced: one-pass interval elimination,
cyclic elimination, single and extended interval forbidding (Fig. 4),
etc., all of which are detailed in the article referenced.

The process is repeated with new bounds until convergence or
until the bounds cannot be contracted anymore. If the bound
contraction does not occur anymore, we suggest increasing the
number of intervals and starting over. An alternative is branch and
bound but we already showed that is more time consuming,
especially if we use bound contracting at each node (Faria et al.,
2015).

7.2. RYSIA's upper bound calculation

We use the lower bound solution values as initial point for the
upper bound MINLP. However, when such MINLP fails (we used
DICOPT), we fix all integers Z;;y, Rhi*, Reig¥, rhhif and rcd to
be the same as those provided by the lower bound, and solve the
resulting NLP problem. If, in turn this NLP fails, we additionally fix
the Q;; values to be the given by the lower bound and solve again
as an NLP. Finally, if these last also fails to give a feasible solution,

we fix all flows and remove the area equations and area cost from

a

Lower bound solution is in the 2nd interval

I ! O ' ! ' '

the objective and solve the resulting LP problem. The area can be
calculated from the LP solution and therefore the cost of a feasible
point is obtained. We did not experiment with alternatives to this
sequence.

We also found that in the above process the upper bound is
trapped in a point that is not optimal. We obtain solutions con-
taining bypasses around exchangers like the ones shown in Fig. 5.

To address this anomaly, there are two strategies. One is to
tolerate the anomaly until the end and remove them then. This is
legitimate because the upper bound does not have to be any local
optimum. It could be any good feasible point.

However, if one wants to prevent the model from having such
bypasses, then the following constraints can be added to the upper
bound model.

S rhi < NSplit; -ihi Vioj.k (120)
Jiokk

S rdih < NSplit; -iciji  Vijk (121)
ii,kk

S rhih < NSplit; - bhjy Vijk (122)
Jikk

Zrcfk‘k‘,’( < NSplitj - bcij,  ¥ij,k (123)
ii,kk

RRE* iy <1 Vijk (124)
R i <1 Vijk (125)
RhX 4-bhij <1 Vijk (126)
RCE¥ 4 beije<1 Vijk (127)
rhl < 2yl —rhJ i j. jj. jij, k. kk (128)
rc]k',’d’j' <2- rC]k'le - rc’k‘k’,': vj,i,1i, iii, k, kk (129)

where ih;j; and ic;; denote the existence of inlet streams from
other exchangers. In addition, bh;;; and bc;;; denote the existence
of outlet streams going to other exchangers.

8. Examples

Three examples of different sizes are presented. The examples
were implemented in GAMS (version 23.7) (Brooke et al., 2007)
and solved using CPLEX (version 12.3) as the MIP solver and
DICOPT (Viswanathan and Grossmann, 1990) as the MINLP solver
on a PC machine (Xeon 3.2 GHz, 8GB RAM).

b

Lower bound solution is in the 2nd interval

I 1 O ! 1 Il !

T T e T T T 1
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Forbidding single interval including solution interval.
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! ' |
= T T T 1

Solving the lower bound model with only one interval forbidden
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If the bound is contracted, only one interval survived.
-

Then re-discretized.
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)

Forbidding extended intervals including solution interval.

S

Solving the lower bound model with only one interval survived

O

If the bound is contracted, only one interval eliminated.

I ! I 1 I Il
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Fig. 4. (a) Single interval forbidding, (b) Extended intervals forbidding.
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Example 1: The first example is 10SP1 (Cerda, 1980). This example
consists of four hot and five cold streams and the data is given in
Tables 1 and 2. This example was solved using a superstructure
including one exchanger per match (k=1) and we first did not
limit the number of splits, as well as the number of splitting. We
assumed a minimum temperature approach EMAT;; of 10 °C and
there is no double recycling stream in the network.

We partitioned Delta T and stream temperature with 2 intervals
and used the lifting partitioning and the extended interval forbidding.
Lower limits of total area and total heat of heating utilities in the
lifting partitioning are used for 3000 m? and 150 K]J/s from (Faria et al.,
2015). Upper limits are used 50% higher values than lower limits. We
first run this problem without lifting partitioning. The disappointing
results are shown in Table 3. We note that the number of intervals at
the end is still 2, which means that in all iterations there was some
bound contraction and that because there are 2 intervals, extended
elimination resulted in single elimination.

The globally optimal solution features an annualized cost of
$99,636,825 and was obtained in the root node of the 3th iteration
satisfying 1% gap between UB and LB (see Table 4). The results are
summarized in Table 5 and the optimal solution network is pre-
sented in Fig. 6. We run the branch and bound with lifting parti-
tioning without bound contraction in each node (as in Faria et al.,
2015). We obtained an objective value of $198,452,300 with 50%
tolerance gap after 200 iterations using 43 min 10 s CPU time.

We also run the bilinear model with the lifting partitioning and
obtained an objective value of $148,410,500 with 33% tolerance

gap after 20 iterations using 59 min 37 s cup time. We need to also
point out the price paid for considering alternatives to the stages
model, which took 20 s or less to solve this problem in 5 iterations
is fairly high, but tolerable for practical purposes. In addition, note
that although we used extended elimination, there was no
opportunity to employ it, as the number of intervals remains at 2.
Finally, we note that even with such a small gap (1%) the solution
is different than the one obtained by Faria et al. (2015), indicating
that there are several alternative solutions close to the global
optimum.

For comparison, we run BARON (Version 14.4) and after 2 h of
computation, we obtained an upper bound value of $10°° and a
lower bound of $5,615,430. ANTIGONE (Version 1.1), in turn, found
an upper bound value of $99,650,000 with a 94% gap after 2 h
running. We observe here the same behavior for ANTIGONE and
RYSIA, that is, an early identification of the optimum and a sub-
sequent improvement of the lower bound.

We added that the maximum temperature differences for
mixers were lower than 30 °C (Eqgs. (47)-(63)) to avoid high tem-
perature difference in H4 and obtained an objective value of
$ 99,618,825 with 0.88% tolerance gap using 2 h 00 min 2 s of cpu
time. (Fig. 7). The structure of the HEN cannot be obtained with
the stages model.

Example 2: The third example consists of 11 hot and 2 cold streams
corresponding to a crude fractionation unit. The data is given in
Tables 6 and 7. We assumed a minimum temperature approach of
EMAT; ;=10 °C. We used a superstructure including one exchanger per
match (k=1) and we first did not limit the temperatures upon mixing

H and the number of splits, as well as the number of splitting.
We partitioned Delta T and stream temperature with 2 intervals
C and used the lifting partitioning and the extended interval
Fig. 5. Anomalies found in upper bound solutions. Table 4
Result of example 1 when using lifting partitioning.
Table 1 # of Objective value Gap # of bound # of intervals at CPU time
Data for example 1. interval contraction convergence
cycles
Stream F [Kg/s] Cp [kJ/Kg °C] Tin [°C] Tour [°C] h [kJ/s m? °C]
2 $99,636,825 09% 3 2 22 m4l s
H1 2.634 1 160 93 0.06
H2 3.162 1 249 138 0.06
H3 4431 1 227 66 0.06
H4 5.319 1 199 66 0.06 Table 5
c1 2.286 1 60 160 0.06 Heat exchanger results for example 1.
2 1.824 1 116 222 0.06 >
c3 2.532 1 38 221 0.06 Area (m”) Duty [K]/s]
c4 5184 1 82 177 0.06
c5 4170 1 93 205 0.06 EX1 190.20 130.73
HU 1 38 ) 0.06 EX2 328.63 228.60
CcuU 1 271 149 0.06 EX3 672.48 336.31
EX4 716.08 316.00
EX5 264.86 309.03
EX6 248.37 176.48
Table 2 EX7 130.28 150.82
Cost data for example 2. EX8 217 3.51
EX9 83.94 41.95
Heating utility cost 566,167 [$/(K]/s)] CU1 219.87 115.84
Cooling utility cost 53,349 [$/(K]/s)] Cu2 263.94 139.01
Fixed cost for heat exchangers 5291.9 [$/unit] HU 207.16 151.39
Variable cost for heat exchanger area 7779 [$/m?] Total annual cost $99,636,825
Table 3
Results example 1 without lifting partitioning.
# of starting Objective value (upper Lower bound Gap # of bound contraction # of intervals at CPU time
intervals bound) cycles convergence
Extended elimination 2 $99,627,885 $5,620,271 94.4% 10 2 3h05m
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Fig. 7. The solution network for example 1 with mixing control (TMMax=30 °C).

forbidding as in example 1. Lower limits of TA and TQ are 8636 m?
and 23,566 KJ/s calculated from the pinch analysis. Upper limits
are used 30% higher values than lower limits.

Without lifting partitioning, we obtained an objective value of
$3,418,502 with 32.9% gap after 20 iterations employing 2 h
05 min 04 s of CPU time. We found the solution using lifting par-
titioning with a 1.8% gap between the UB and LB in Table 8. The
results are summarized in Table 9. The optimum solution,

presented in Fig. 8, has an annualized cost of $3,463,096. We
tested using the branch and bound with the lifting partitioning
without bound contraction in each node (as in Faria et al, 2015)
and obtained an objective value of $3,486,497 with 3.9% tolerance
gap after 200 iterations using 47 min 09 s CPU time. We also tested
the bilinear model with the lifting partitioning and obtained an
objective value of $3,513,866 with 4.7% tolerance gap after 40
iterations using 5 h 59 min 21 s cup time.
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Table 6
Data for example 2.

Stream FC, [K/sC] Cp [K]/kgC] Tin[C] Tou [C] H [KI/sm*C]
H1 TCR 166.7 23 140.2 395 026
H2 LGO 45.8 25 2488 110 0.72
H3 Kerosene 53.1 23 170.1 60 0.45
H4 HGO 354 2.5 277 1219 0.57
H5 HVGO 198.3 24 250.6 90 0.26
H6 MCR 166.7 25 210 163 0.33
H7 LCR 291.7 29 303.6 2702 041
H8 VR 843 1.7 360 2414 047
H9 LVGO 68.9 25 1786 1089 0.6
H10 SR-quench  27.6 32 359.6 280 0.47
H11 VR2 843 1.7 2414 280 0.47
C1 Crude 3471 21 30 130 0.26
Cc2 Crude 347.9 3.0 130 350 0.72
HU 1 500 499 0.53
cu 1 20 40 0.53
Table 7

Cost data for example 2.

Heating utility cost 100 [$/(k]/s)]

Cooling utility cost 10 [$/(kJ/s)]
Fixed cost for heat exchangers 250,000 [$/unit]
Variable cost for heat exchanger area 550 [$/m?]

Table 8
Results of example 3 with the lifting partitioning and the extended interval
forbidding.

# of Objective Gap # of bound # of intervals at CPU time
interval  value (upper contraction convergence
bound) cycles
2 3,463,096 1.8% 8 2 20m 32s
Table 9
Summary of results for example 3.
Total area 9793.84 m?
Number of exchangers 17
Heating utility 23,566 KJ/s
Cooling utility 11783.5 KJ/s
Final objective function (Total annualized cost) $3,463,096

In addition, we run BARON (Version 14.4) and after 2 h running,
we obtained an upper bound value of $ 10°° and 2,317,170 for the
lower bound. ANTIGONE (Version 1.1), in turn, found an upper
bound value of $ 3,609,000 with a 36% gap after 2 h running. As in
the other two examples, we see RYSIA and ANTIGONE, but not
BARON, identifying solutions close to the global optimum early.

We also notice that VR1 is matching with the cold stream
twice, but using branches of the same split. Structures like the
ones shown in Fig. 8 also contain splits with more than one
exchanger in each branch, something that models like the stages
model (Yee and Grossmann, 1990) cannot capture. Moreover, the
structure also contains splitting inside branches that the stages
model cannot capture either. To avoid many splits in Fig. 9, the
limitation on the number of splits (Egs. ((64) and 65)) is used. The
maximum number of splits limited to 3. We obtained an objective
value of $3,483,611 with 2.4% tolerance gap after 15 iterations
using 40 min 54 s cup time (Fig. 9).

Then, we added Tsplit=1 to avoid splitting two times and
obtained an objective value of $3,502,522 with 2.9% tolerance gap
after 6 iterations using 2 h 14 min 55 s cup time (Fig. 10).

Example 3: This last example is added to highlights some of the
difficulties that one could encounter with certain problems. The

example consists of three hot streams, two cold streams (Nguyen
et al., 2010) (Tables 10 and 11). We assumed a minimum tem-
perature approach EMAT;; of 10 °C. We used a superstructure
including two exchanger per match (k=2). The lower bounding
MILP model has 853 binary variables, of which 494 are partition-
ing variables and 2096 continuous variables. We first run this
model without any restrictions on the temperature difference in
mixing (Eqgs. (47)-(63)).

For the illustration of this example, we used two initial inter-
vals of temperature differences (ATh;;y, ATc;ji, ATSY, ATJHU) and
stream temperatures (Thi*, TcjJ*, thifh, tcii) for the lower bound
model. When no interval was eliminated and the lower bound and
upper bound gap was still larger than the tolerance, we increased
the number of intervals.

We tried single and extended interval forbidding in the bound
contraction procedure. In Table 12, we use partitioning of delta T
and stream temperatures, without lifting partitioning and bilinear
partitioning as described above. We note that if on additionally
partition and bound contract area and Q values the time increases
without any significant improvement.

We also run the branch and bound without bound contraction
in each node (as in Faria et al, 2015) and obtained an objective
value of $1,864,786 with 47% gap after 200 iterations employing
59 min 10 s of CPU time. For this, we partitioned AT and stream
temperatures and performed the B&B on all partitioned variables.
In addition, we run BARON (Version 14.4) and after 2 h running,
we obtained an upper bound value of $2,895,060 with a 54% gap.
ANTIGONE (Version 1.1), in turn, found an upper bound value of
$ 1,767,000 with a 32% gap after 2 h running.

To improve the relaxed lower bound model, we used the lifting
partitioning and partitioning of variables representing the product
of flow and temperature. We first tested adding the lifting parti-
tioning in the lower bound model. New variables for total area (TA)
and total heat amount of heater (TQ) were introduced and parti-
tioned through Eqs. (106)-(111). Lower limits of TA and TQ are
5590 m? and 11,700 K]/s calculated from pinch analysis. Upper
limits are used 30% higher values than lower limits. The results of
using our lifting partitioning is shown in Table 13. They are strik-
ingly similar because the extended elimination used 2 intervals
until the end.

Next, we added partitioning of bilinear terms (Egs. (112)-(119))
into the model to help bound contracting. The results for different
forbidding methods in the bound contracting procedure with 1%
tolerance gap are shown in Table 14.

The lifting partitioning increased the lower bound and helped
to find the objective value satisfying 1% tolerance gap. However,
after adding partitioning of variables of the product of flow and
temperature, there was no improvements on the number of
iterations and CPU time because more partitioned variables were
added into the lower bound model and bound contracting
procedure.

We tested our bilinear and nonconvex model comparing to the
bilinear model, which used in the lower bound model (Egs. (80)-(83)).
The result of bilinear model with the lifting partitioning and the
extended interval forbidding is shown in Table 15.

The optimum solution, presented in Fig. 11a, has an annualized
cost of $1,785,239. The results are summarized in Table 16. We also
show an alternative solution with a different Gap. Fig. 11b shows
an alternative solution. The purpose of showing these is to point
out that the problem is hard to solve, especially because there are
several solutions within a small gap. We also notice in this solu-
tion, a match between stream H1 and C2 that cannot be obtained
using other models, like the popular stage model (Yee and
Grossmann, 1990), even with the extensions to non-isothermal
mixing. Fig. 12, in turn, shows the solution when limiting splits.
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Fig. 9. The solution network with Nsplit=3.

Finally, we noticed that in all the above experiments with the
methodology, we reached the lower bound of the heating utility.
When we run using a bound that is lower, namely 11,000, we
obtained a solution in between bounds with 4.7% gap, in a time

much larger than the one reported above (1 h 36 m 22 s). At this
point in time, we leave for further work the investigation of what
makes this example behave this way, especially in view of the fact
that the following much larger examples behave so well. We
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Fig. 10. The solution network with Nsplit=3 and Tsplit=1.
Table 10
Data for example 3.
Stream Fep [K]/s C] Cp [KkJ/Kg °C] Tin [C] Tout [°C] h [k]/s m? °C]
H1 228.5 1 159 77 0.4
H2 204 1 267 88 0.3
H3 53.8 1 343 90 0.25
C1 93.3 1 26 127 0.15
2 196.1 1 118 265 0.5
HU 1 500 499 0.53
(@8 1 20 40 0.53
Table 11
Cost data for example 3.
Heating utility cost 100 [$/(K]/s)]
Cooling utility cost 10 [$/ - (KJ/s)]
Fixed cost for heat exchangers 250,000 [$/unit]
Variable cost for heat exchanger area 550 [$/m?]
Table 12

Results of partitioning of AT and stream temperature in the lower bound model.

# of starting intervals  Objective value ($) (upper bound) Gap # of iterations # of intervals at convergence CPU time

Single interval elimination 2 1,789,968 45% 15 2 1h43mo06s
Extended interval elimination 2 1,789,968 45% 15 2 1h43m4ls
Table 13

Results with lifting partitioning.

# of starting intervals  Objective value ($) (upper bound) Gap # of iterations  # of intervals at convergence  CPU time

[\

Single interval elimination 1,785,239 0.74% 11 3 6m 58s
Extended interval elimination 2 1,785,239 0.74% 11 3 6m 58s




Table 14
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Results of lifting partitioning and partitioning the product of flow and temperature (FTh;™).

43

# of starting intervals  Objective value ($) (upper bound)  Gap # of iterations  # of intervals at convergence  CPU time
Single interval elimination 2 1,785,239 0.74% 14 3 20m 34 s
Extended interval elimination 2 1,785,239 0.74% 14 3 20m 41s
Table 15
Result of bilinear model lower bound.
# of start- Objective Gap # of bound # of intervals CPU time
ing value (upper contraction at convergence
intervals bound) cycles
2 1,799,324 0.13% 16 4 13mO03s
a
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267°C H2 I 131.34°C I 387G
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2767.6 KJ/s 884.0 KJ/s
157.92°C T
343°C H3 () » 90 °C
T %
1197.14 m? 857.49 m?
9957.1 Kl/s 3654.3 KJ/s
127°C
\_/ 36.181
127 °C C1 26°C
7rC 93.3
57.119
212.88"(7::
145.845
205.34°C 144.61°C o
265 °C o—@ C2 118°C
' 165.455 196.1
172.7 m? 20831°C
11700.0 KJ/s 30.645
e 139.88°C 114.52°C @ —
’ H1 =53 N
1373.74 m? 575.34 m?
5793.7 K/s 8573.3Kl/s
130.97°C ‘
267°C H2 @—0 88 °C
204
1099.71 m?
57.98 m?
4369.9 KJ/s 876.6 KJ/s
157.46°C
343°C H3 () 90°C
53.8 | \ﬁ
477.07 m?
2774.9KJ/s 85733 m?*
3629.5KJ/s
1172.24 m? )
9981.8 KJ/s 127°C
\ /35936
127 °C Cl 26°C
127°C 93.3
57.364
205.34°C
~ 31.773
265 °C 4—@— C2 118°C
205.34°C 144.59°C 196.1
172.7 m? N 164.327
11700.0 KJ/s

Fig. 11. The solution network for example 1. Two alternative solutions (a) Gap=0.74%, (b) Gap=0.61%.
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Table 16
Summary of results for example 3a.
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Total area

Number of exchangers

Heating utility

Cooling utility

Final objective function (Total annual cost)

5,831.58 m>
8

11,700 kJ/s
9450 KJ/s
$1,785,239

2285 ) L
1127.53 m? 617.70 m?
4826.3 K/s 9450.0 KJ/s
130.67.°C
267°C H2 ) | . .
20.4 L
1152.33 m? 5
119.02 m?
4460.7 KJ/s 870.5 KI/s
159.26°C \
343°C H3 ) e
53.8 | \T/
487.86 m?
2781.1KJ/s 1039.93 m?
3726.4KJ/s
1119.83 m?
9884.9 KJ/s 127°C 45.13°C
N \_/ 45515
127°C C1l 26°C
127°C 933
47.785
206.44°C
s 31.445
265 °C 4—@— C2 118°C
205.13°c L 145.09°C A 196.1
172.7m? 164.655
11700.0 KJ/s

Fig. 12. The solution with forbidding bypasses, TSPLIT=1 and NSPLIT=3 (Gap=0.76%).

tested with various conditions of 5~ Qf" in the lifting partitioning.
We first tested with the lower TQ limit of 11,000 KJ/s and the
upper TQ limit of 11,100 KJ/s in the lower bound model. We also
used - Q'Y > TQ instead of 3~ Q}V = TQ in the lifting partitioning.
Next, we fixed 3~ Q" as 11,000, 11,050, 11,100 and 11,200. In all
cases, they spent much larger time than the one reported in
Table 13 and identified the global optimum early and spent the
rest of the time improving the lower bound.

We also note that RYSIA (our method) and ANTIGONE, but not
BARON, identify the global optimum early and spend the rest of
the time improving the lower bound.

9. Conclusion

We presented a new generalized superstructure model that
includes multiple stream matching. This is an extension of the
superstructure presented by Floudas et al. (1986) where only one
match with hot and cold stream pairs was allowed. Recognizing
that local solvers like DICOPT cannot obtain solutions, often ren-
dering infeasible if no goo initial point is provided, we solve it
globally using RYSIA, our bound contraction method for bilinear
problems (Faria et al., 2011) extended to monotone functions by
Faria et al. (2015). When applying these versions of RYSIA, we
found that the lower bound model is too relaxed and therefore the
bound contraction takes a long number of iterations. To fix this
problem, we introduce so-called “lifting partitioning”, which helps
the lower bound render higher values. We compare with the

bilinear reformulation and branch and bound and we present
results that highlight features in the HEN that other models
cannot model.

Nomenclature

Sets and indexes

hot process stream

j cold process stream

k sharing of heat exchanger (i)

n hot stream location

12 cold stream location (in: inlet , hx-in: inlet to HX, hx-out:
outlet from HX, out: outlet)

m exchanged heat-partitioning point

nl hot side temperature differences partitioning point

n2 cold side temperature differences partitioning point

0 flowrate partitioning point

p area partitioning point

Positive variables

FhiJ* heat capacity flow rate for hot stream

fh};’,z’{( heat capacity flow rate related to mixers and splitters for

hot stream
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ch"‘ heat capacity flow rate for cold stream

f c{;i;f,i heat capacity flow rate related to mixers and splitters for
N cold stream

Thi*  temperature for hot stream

thfjﬂ temperature related to mixers and splitters for
3 hot stream

Tcg’k temperature for cold stream

tclih temperature related to mixers and splitters for

~ cold stream N

FTh?*  product of Fhi* and Thi*

fth% product of fHZY and th}

FTci?*  product of Fci#* and Tcid*
jiii jiii ji i

ftela  product of oy and tciy _

Ty hot stream temperature after the last mixer

T cold stream temperature after the last mixer B

FhBi*° bilinear term between variable Fhji* and binary vThD}*

ATh;j,  hot side temperature difference

ATcij  cold side temperature difference

AT,»CU cold utility temperature difference

hot utility temperature difference

Qijix heat exchanged between streams i and j for heat
exchanger (i,j,k)

v heat exchanged between i and the cold utility
QjHU heat exchanged between j and the hot utility
Aijk area of heat exchanger (i,j,k)

ALY area of cold utility
AV area of hot utility

j
Hjjn1n2 additional positive variable from the product of Yh;jj 1,

YCijin2 and Ajji

ik maximum temperature inlet to mixer
Biik minimum temperature inlet to mixer
TQ total utility usage

TA total area

Binary variables

Zijk binary variable to denote kth sharing existence of match
(i and j)

zev binary variable to denote existence of cold utility
between hot stream i

Zl-cU binary variable to denote existence of cold utility

~ between hot stream i
vThD;{’k binary variable related to the partitioned hot stream
temperature Th;{’k

Yhijin1 binary variable related to the partitioned hot side tem-
perature differences
Ycijknz binary variable related to the partitioned cold side tem-
B perature differences
Rhi#*  binary variable to denote the existence of hot stream
rh;j,;’{{ binary variable to denote the existence of hot stream
ch’k binary variable to denote the existence of cold stream
rc{;i,’f,'; binary variable to denote the existence of cold stream

pHup;f;g; binary variable to denote the maximum temperature of
~ hot stream inlet to mixer
pHlo%  binary variable to denote the minimum temperature of

hot stream inlet to mixer

Ymh;j; binary variable to denote the existence of the recycle for
hot stream

Ymc;;; binary variable to denote the existence of the recycle for
cold stream

Sh; binary variable to denote existence of a split for inlet hot
stream i

Shhij,  binary variable to denote existence of a split for outlet
stream from heat exchanger

vIQ,, binary variable related to the partitioned total

utility usage
vTA, binary variable related to the partitioned total area

VFTh#*  binary variable related to the partitioned FThy*

VFTCf‘zi’k binary variable related to the partitioned FTCi‘z’l’k

vfth;g,{j( binary variable related to the partitioned fth;fz,ﬂj(

vfteyj,  binary variable related to the partitioned ftci/};

ih;;k binary variable to denote existence of inlet streams from
other exchangers for hot stream

iCijk binary variable to denote existence of inlet streams from
other exchangers for cold stream

bh; binary variable to denote existence of outlet streams

going to other exchangers for hot stream
bcijk binary variable to denote existence of outlet streams
going to other exchangers for cold stream

Parameters

THIN inlet temperature of hot stream i

1
THOUT  outlet temperature of hot stream i
™ inlet temperature of cold stream j
T]-COUT outlet temperature of cold stream j
Tourcu outlet temperature from the cold utility
Tincu inlet temperature from the cold utility
Tournu outlet temperature from the hot utility
Tingu  inlet temperature from the hot utility
F; specific inlet heat capacity flow rate of hot stream i
F; specific inlet heat capacity flow rate of cold stream j
Uijk overall heat transfer coefficient for heat exchanger (i,j,k)
Uy overall heat transfer coefficient for cold utility
u'Y overall heat transfer coefficient for hot utility
HUcost hot utility cost
CUcost cold utility cost

Tth{’k’o discrete point of the partitioned temperature of hot
stream Th}{’k

AThD;jx 1 discrete point of temperature differences in hot side of
heat exchanger (i,j,k)

ATcD;jkn, discrete point of temperature differences in cold side
of heat exchanger (i,j,k)

r large parameter in Big M constraints. It is usually slightly
larger than the maximum number of the variable for
which a zero-one variable is created.

NSplit; number of branches of hot stream i

TSplit; number of times hot stream i splits

TMMax;;, maximum difference of temperatures allowed in

a mixer

logarithmic mean temperature differences

discretized values of the logarithmic mean temperature

differences

TQD discrete point of the partitioned total utility usage

TAD discrete point of the partitioned total area

DTy
Dy
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dFThi?*  discrete point of the partitioned FTh}*
dFTciP*  discrete point of the partitioned FTci*
df th;j,ﬂ{( discrete point of the partitioned f th;j,g{
dftc  discrete point of the partitioned ftc/};
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