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Abstract-A systematic procedure is proposed in this paper to incorporate the options of merging 
and/or splitting streams from multiple origins in process synthesis. In particular, design problems 
associated with the heat exchanger networks (HENS) are discussed in detail. First, an input-output 
system structure is described to facilitate the derivation of the modified LP and MILP models for 
calculating the design targets corresponding to the operating and capital costs. Next, construction 
procedure of a generalized stream structure is presented and the modified NLP model for generating the 
optimal networks is formulated accordingly. To accelerate the convergence rate of the corresponding 
iterative solution process, an evolutionary short-cut method is provided to produce feasible networks for 
use as the initial guesses. Two examples are also presented to demonstrate the effectiveness of the 
proposed approach. The results show that, without increasing the operating costs, the capital costs of 
HENS can be reduced significantly by considering the proposed stream structure in design. 

INTRODUCTION 

Over the past three decades, various design prob- 
lems in process synthesis, e.g. those concerning the 
heat exchanger networks (HENS), the mass 
exchanger networks (MENs), the heat-integrated 
distillation systems, the separation sequences, etc. 
have been studied extensively by academic 
researchers and practitioners in the industries. One 
of the design techniques routinely used by the pro- 
cess engineers for reducing the overall capital cost 
associated with a flowsheet is stream-splitting. For 
example, Ponton and Donalson (1974) and Linnhoff 
and Hindmarsh (1983) have found that better HENS 
can be obtained via proper implementation of paral- 
lel processing schemes and also El-Halwagi and 
Manousiouthakis (1989) followed essentially the 
same approach to design MENs. On the other hand, 
the possibilities of merging process streams from 
multiple origins have seldom been investigated sys- 
tematically in synthesizing process flow diagrams. 

In many existing chemical processes, there are 
situations where two or more streams are allowed to 
be merged. For example, the overhead product 
streams of a multi-effect distillation unit may be 
combined and cooled to the storage temperature; 
the hot contaminated wastewater from different 
areas in a food additive plant may be merged and 
sent to the treatment unit before disposal; naphtha 
and hydrogen may be merged and heated to the 

t To whom all correspondence should be addressed. 

reaction temperature in the hydrotreating plant of a 
refinery. In designing the HENS of these systems, 
merging process streams originated from different 
units is often a viable alternative in addition to the 
traditional synthesis techniques. Notice also that this 
option can be considered in designing systems other 
than HENS, e.g. the MENs. In the coke oven gas 

(COG) sweetening process (el-Halwagi and 
Manousiouthakis, 1989), the possibility of combin- 
ing the sour COG and the tail gases from the Claus 
unit may be considered in MEN design. Also, in the 
coal conversion process described by El-Halwagi 
and Manousiouthakis (19!90), offgas streams from 
the gasifier and the ebullated reactor must be sent to 
spray washers to remove ammonia and phenol. 
Conceivably, the waste water streams from these 
washers can be merged and sent to mass exchangers 
before treatment. 

From the above examples, one can observe that 
there are a large number of potential applications of 
merging and splitting schemes in process synthesis. 
Although stream-splitting techniques have been dis- 
cussed extensively in the past, very little was pub- 
lished on methods that take advantage of the addi- 
tional opportunties created by merging process 
streams. In a preliminary study, Chang and Yu 
(1988) showed that such techniques can be used in 
an evolutionary synthesis procedure to reduce the 
number of heat exchangers in a maximum energy 
recovery network (Linnhoff and Hindmarsh, 1983) 
without energy penalty. Since this procedure must 
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be applied manually, only simple structures can be 
included in the resulting design, i.e. the possibilities 
of mixing/splitting of multiple (more than two) 
streams were neglected completely. Further, due to 
the inherent nature of the evolutionary approach, 
synthesis options evaluated in the proposed design 
procedure are far from comprehensive. 

One logical approach to develop systematic 
implementation strategies of the stream merging 
and splitting schemes is to treat both of them in a 
unified framework using mathematical program- 
ming techniques. In this work, a group of subprob- 
lems of process synthesis, i.e. those associated with 
the HENS, have been studied in detail. 
Traditionally, the mathematical programming 
approach to solve these problems is divided into 
three steps (Cerda et al., 1983; Cerda and 
Westerberg, 1983; Papoulias and Grossmann, 1983; 
Grossmann, 1985; Duran and Grossmann, 1986; 
Floudas et al., 1986; Floudas and Grossmann, 1987; 
Ciric and Floudas, 1989; Gundersen and Naess, 
1988): 

l Solve a linear programming (LP) model to 
determine the pinch points and the minimum 
consumption rates of utilities; 

l Solve a mixed inter linear programming 
(MILP) model to determine the minimum 
number of exchanger units; 

l Solve a nonlinear programming (NLP) model 
to obtain an optimal network, i.e. the one with 
minimum operating cost and minimum capital 
investment. 

Notice that the possibility of stream mixing was 
explored in only very few of the related publica- 
tions. Although the superstructure proposed by 
Floudas et al. (1986) was derived for each process 
stream in such a way so as to include alternatives on 
stream split, bypass, matches in series, matches in 
parallel, matches in series-parallel, etc. options of 
combining multiple superstructures were not con- 
sidered. In a more recent study on retrofitting exist- 
ing HENS, Yee and Grossmann (1991) developed 
another superstructure in which the possibility of 
mixing different process streams was examined. 
However, in their stream structure, certain poten- 
tially useful features are still missing, e.g. the bypass 
lines from inlet splitters to the exit mixers. Further, 
on the basis of practical considerations, it is often 
desirable to remove some of the restrictions implied 
in their formulations, e.g. the number of the exit 
mixers equals that of the inlet splitters. Thus, there 
is clearly a need to develop a systematic procedure 
to incorporate all options of merging and/or splitting 

process streams (from multiple origins to different 
destinations) for the grass-root design of HENS. 

In this study, a generalized stream structure has 
been developed for such a purpose. If the corres- 
ponding network configurations are allowed in 
design, it becomes unnecessary to require the 
numbers of inputs and outputs of the HEN system to 
be the same. Any form of merging and/or splitting 
may take place among the input streams that are 
allowed to be mixed. The only requirement is that 
the operating conditions, e.g. temperature, concen- 
tration and flowrate, etc. of the corresponding out- 
put streams must satisfy the constraints governed by 
the needs of the downstream units. This type of 
input-output system structure is described in detail 
later in this paper and has been adopted as the basis 
of the modified LP and MILP formulations. In 
addition to the modified mathematical models, an 
effective procedure was developed to enhance the 
computational efficiency in solving the NLP prob- 
lems. Based on the solutions of LP and MILP 
problems, this procedure can be applied manually 
in a systematic way to generate a set of feasible 
solutions within a short period of time. These 
solutions can then be used as initial guesses in the 
iterative search process for the optimal network 
configurations. 

To demonstrate the feasibility of the proposed 
synthesis procedure, the results of two application 
examples are presented in this paper. One can 
clearly observe that, as a result of incorporating the 
proposed new techniques in process synthesis, bet- 
ter alternatives may be generated in solving the 
same design problem. More specifically, the number 
of matches determined by the modified MILP model 
is less than that obtained with the traditional method 
and, thus, the capital investment of a HEN can be 
further reduced without increasing the overall oper- 
ating costs. In certain cases, due to the extra degree 
of flexibility introduced by the generalized stream 
structure, it is even possible to produce networks 
with exchanger units fewer than those predicted by 
the modified MILP model. Finally, it should also be 
noted that, since the structures of the MEN models 
are almost identical to those of the HEN models (El- 
Halwagi and Manousiouthakis, 1990), the tech- 
niques described in this paper are directly applicable 
to MEN design problems as well. 

THE INPUT-OUTPUT SYSTEM STRUCTURE 

To facilitate our later discussions, the input- 
output system structure of a typical HEN must be 
clearly defined first. In our study, this structure is 
described by the block diagram presented in Fig. 1. 
Notice that a number I (I= 1, 2, ., M) is assigned 
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Fig. 1. The input-output system structure. 

to each group of hot process streams in which the 
streams are allowed to be mixed with one another. 
Corresponding to a specific group 1, the streams 
entering the system may be originated from iUi 
different units and those leaving the HEN may be 
required to be delivered to Mb destinations. In 
general, Mi#Mb. Also, there may be another 
N-M hot streams which are not allowed to be 
merged with other streams. Each of these streams 
isagaingivenalabellandl=M+l,M+2,...,N. 
Finally, let us assume that there are Ns hot utility 
streams and they are labeled separately by m (m = 1, 
2 .*, Ns). Thus, the hot streams in a typical HEN 
& be classified according to the definitions of the 
following stream sets: 

Corresponding to each stream group l(leH’), two 
stream sets can be defined, i.e. 

HII = {iI L represents the label of the Lth hot input 
stream in group 1). 

HO,= {olo is the label of the 0th hot output 
stream in group 0. 

Based on the principle of conservation of mass and 
the assumption that the heat capacity of every pro- 
cess stream is constant, the heat-capacity flowrates 
associated with the input streams in set HI, and the 
output streams in set HO1 can be related by: 

2 F$= c FFz, 1eH’ (1) 
NHl, oeH0, 

H’ = {ill is the label of the I-th group of hot 
process streams in which the streams are 
allowed to be merged with one another}, 

W = {Zl I is the label of a hot process stream which 
is not allowed to be mixed with other 
streams}, 

IiU={mlm is the label of a hot utility stream}. 

Similarly, three sets of cold streams can be 
defined in the same way: 

C’ ={I’ )I’ is the label of the l’th group of cold 
process streams in which the streams are 
allowed to be merged with one another}, 

c” = {I’ I I’ is the label of a cold process stream 
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which is not allowed to be mixed with other 
streams}, 

lower bound of the energy cost corresponding to a 
HEN with the input-output system structure of Fig. 
1. More specifically, a fictitious hot stream is 
assumed for each pair of I and o (1 E HI, and o E HO,) 
in stream group I and 1 E II’. An example of such a 
concept is presented in Fig. 2. Also, for illustration 
purposes, another stream set is defined to represent 
these fictitious hot streams as a whole: 

CU = {n 1 n is the label of a cold utility stream}. 

Corresponding to each group I’ (I’ E C ‘). two stream 
sets are used to describe the input and output 
conditions, i.e. 

CIr = (1’1 L’ represents the label of the l’th cold 
input stream in group I’}, 

CO,. = {o’ lo’ is the label of the o’th cold output 
stream in group I’}. 

Again, a similar relationship exists among the heat- 
capacity flowrates associated with the input streams 
in set CIr and the output streams in set CO,,: 

c I$;. = 2 fiz:, I’EC’. (2) 
“CC,, o’rC0, 

In this work, it is assumed that the stream data 

where Tf”l and T F”l denote, respectively, the tem- 
peratures of the lth input stream and the 0th output 
stream of the Ith stream group in set H’. Notice that 
the input temperature of a fictitious hot stream is 
assumed to be higher than the output temperature. 
If this constraint is violated, the corresponding pair 
(I, o) must be excluded from HIO,. The heat- 
capacity flowrates of these fictitious streams are 
related to those of the input and output streams by 
the following equations: associated with this input-output system structure 

have already been extracted from the flowsheet. In 
other words, the values of M, M’, N, N’, M:s, M ‘fs, 
M&s, M bf’ s and the temperatures and heat-capacity 
Rowrates of all input and output streams are needed 
before solving our design problem. From this as- 
sumption and the previous description about the 
input-output system structure, one can see clearly 
that the conventional methods for determining the 
energy targets, i.e. the minimum utility consump 
tion rates and the pinch temperatures, are no longer 
directly applicable in this situation. There is thus a 
need for the development of a modified calculation 
procedure. 

THE MINIMUM UTILITY COSTS 

If a process stream is split into several branches 
and each branch is cooled (or heated) individually to 
the target temperature, the shape of the correspond- 
ing hot (or cold) composite curve will not be affec- 
ted. Similarly, the curve remains unchanged if multi- 
ple streams are merged at the same temperature 
and, then, delivered to exchangers or other process- 
ing units. However, if multiple hot (or cold) streams 
are mixed at different temperatures, the trajectory 
of the corresponding composite curve must deviate 
from that of the original curve. Furthermore, the 
position of the former at the temperature after 
mixing must be closer to the other, i.e. cold (or hot), 
composite curve (Chang and Yu, 1988). Thus, the 
minimum utility consumption rates of a HEN which 
includes stream-merging configurations should be 
no less than those of the HEN obtained by not 
considering such options in design. 

On the basis of the above arguments, a modified 
LP model has been developed to determine the 

Fig. 2. An example of _t_Fe fictitious streams (M{=2, _\ 
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HIO,={(c, o)lleHI,, OEHO,, T:‘I> T,H’,}, 

FH’O, _ FH’, 
CPm - CA> LEHI,, IcH’, (3) 

c FHIO,-FHO, 
CP," - CP"' ocHO,, 1eH’. (4) 
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Corresponding to each 1 (L E HI,), the heat capacity 
flowrates of the fictitious streams in equation (3), 
i.e. FFj:, should be summed over all o’s that satisfy 
two conditions, i.e. OE HO, and (1, o) E HIO,. 
Similarly, the summation over 1’s in equation (4) 
should be carried out in such a way that the two 
constraints, L E HI, and (L, o) E HIO,, are satisfied for 
any given o (oEHO,). Notice that the same 
approach can be taken to define the set of all 
fictitious cold streams in group I’ of set C’, i.e. 
CIOr . Relations similar to equations (3) and (4) also 
exist between their heat-capacity flowrates and 
those of the input and output cold streams. Due to 
the limitation of space, their presentations are omit- 
ted in this paper. 

whether to impose restrictions on the matches in 
HEN, two different modified LP models were estab- 
lished. First, let us consider the model without 
restrictions: 

If the hot streams in set H’ and the cold streams in 
set C’ are replaced by the fictitious streams des- 
cribed above, the system in Fig. 1 can be trans- 
formed into one with the same number of inputs and 
outputs. To this transformed input-output system 
structure, the traditional LP model is applicable. As 
a matter of fact, this structure can be viewed as a 
special case of Fig. 1. Each of the M’, inputs in group 
1 (I E H’) can be split into Mb streams and cooled 
individually to their respective target temperatures 
and, then, these split streams can be combined 
isothermally into Mb outputs. Notice that the mini- 
mum energy cost obtained from the LP model cor- 
responding to the transformed structure should be 
the lower bound of that of the general system 
described in Fig. 1. This is due to the facts that the 
transformed system can be regarded as a HEN with 
special stream-merging schemes (i.e. the streams are 
merged at the same temperatures) and, also, the 
introduction of any other stream-merging schemes 
in the HEN design can only increase the demand for 
additional consumption in utilities. But, on the 
other hand, if model MPl is based on only a special 
case of the general input-output system structure, 
then the corresponding minimum utility consump- 
tion rates should not be lower than those of the 
general case which includes additional stream 
merging/splitting alternatives. Therefore, we con- 
clude that the minimum of MPl can actually be 
considered as the solution to the general problem. 

Usually, the first step in deriving the mathemati- 
cal programming models is to partition the entire 
temperature range of all streams into K temperature 
intervals for which any suitable partition method can 
be adopted, e.g. Linnhoff and Hindmarsh (1983) 
and Cerda ef al. (1983). The intervals are labeled 
from the highest level (k= 1) down to the lowest 
level (k = K) of temperature, with each interval k 
having a temperature change AT,. This research 
followed the same approach. Depending upon 

min c PH,,,Ff;l” + c PC,F:” 1 , @@‘I). (5) 
WIEHU “SC” 

Subject to 

k=1,2 ,..., K, (6) 

c 
FF;z = Ff”’ CW ~EHI,, IeH’, (7) 

rrcHO,.(r.o)eHIO~ 

c zT;:;:=F$;,, L’ECII’, l’EC’, 

o’tCO~.(i’.O’)tClO, 

(9) 

c Fg;,=F:‘d:, O’ECO,‘, l’EC’, 

“EC1~,(“.0’)EC10, 

(10) 

Ro=RK=O, Rt=O, k=l,2 ,... ,K-l,(ll) 

F;” a 0, ~EHU, FZ”ZO, necu, (12) 

F$>z=O, (I,o)EHIQ, FE;:; 3 0, 

(L’,O’)ECIO, (13) 

where PH,,, and PC,, denote the unit costs of the mth 
hot and nth cold utilities, respectively. Equation (6) 
represents the energy balance around the tempera- 
ture interval k. The heat inputs to interval k is 
coming from several sources (Papoulias and 
Grossmann, 1983), i.e. the residual heat flow from 
interval k - 1 (R,_,) and the hot streams and heating 
utilities whose temperature range includes interval 
k. There are two types of hot process streams. For a 
stream 1 in set H”, the heat input to the interval can 
be calculated by: 

where 

Ql=F&",kAT~, (14) 

(1% 
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In the above equation, F$, is the heat-capacity 
flowrate of stream 1 in set II”, and Tf and TF are the 
corresponding input and output temperature. On 
the other hand, the heat input from a fictitious hot 
stream,, Q tt’ko,, can be expressed by: 

Q :i”l = = F$zAT, , (16) 

where 

IT,+, , T,l= [T!“‘I, T!“otl (17) 
otherwise. 

Notice that the heat-capacity tlowrates, Ff$$s, are 
the unknowns in model MPl and they are required 
to satisfy the constraints imposed by equations (7) 
and (8). In addition to the residual heat flow Rk, the 
heat outputs from interval k are transported to the 
cold process streams and cooling utilities whose 
temperature range includes interval k. They can be 
calculated or expressed according to equations simi- 
lar to equations (14-17) and, thus, are omitted for 
the sake of brevity. Based on the above discussions, 
it can be concluded that the variables in model MPl 
are RG, Fi%, F$%, F$zs and l?$,T$s. 

Next, to illustrate the formulations of the modi- 
fied LP model with restricted matches, the following 
stream sets must be introduced: 

H={ilieH’orieH”), 

C={jljeC’orieC”}. 

If several pairs of hot and cold process streams are 
not allowed to be matched due to practical reasons, 
they are grouped into a set F in this study, i.e. 

F={(4, ~J)~CEH, ~IEC and the match between 5 and 
rl is forbidden}. 

The hot and cold streams involved in these forbid- 
den matches are also collected in individual subsets, 
i.e. 

HF={E1(5,rl)eP), CF={tll(&t7)oF). 

Similarly, a set P is defined in this study to include 
all pairs of hot and cold process streams that must 
exchange a specific amount of heat, i.e. 

P={(E, r7)leeH, VEC and the match between 6 and 
q is compulsory}. 

The corresponding subsets of the hot and cold 
streams involved in these compulsory matches are: 

HP={5l(hI)Ew, cp=kIl(5,v)~p~. 

The other unrestricted hot process and utility 
streams are viewed as a combined hot stream with 
the label h and, similarly, the cold combined stream 
c can be obtained in the same way. Thus, all hot 
streams can be included in the following stream set: 

fi={~~~=hor~eHFor~eHP}, 

and, also, all cold streams can be collected in: 

C={rIIrI=corr7eCForqeCP}. 

Finally, corresponding to any temperature interval 
k, subsets of fi and C can be defined: 

H, = {,$I~E H and stream 5 is present in interval 
fsk}, 

c, = {q 1~ E c and stream rj is present in interval k}. 

Based on the above definitions, the modified LP 
model with restricted matches can be developed, i.e. 

min 2 PH,F:‘+ c PC.c 1 , (MRPl), IlIE”” “ECU 

+ c F&ATk + 2 F:“Ahti, (21) 
EEH:&HF.&HP meHVk 

&i= 2 c @;::.,ATk 
,,eC’,gtCF.r,tCP (c’,o’)dXO, 

c 
F”‘o’ = Fuot cp,. 9. ) oeHO,, leH’,(26) 

,EHI,,(I.o)E HIO, 

c 
ps = pt 

CPW CP.,> L’ECIr, I’EC’ 

o’&O~.(r’,o’)~CIo, 

(27) 

QwaO, EEfi,, Sock, (29) 
R,, = R,, = 0, &.,*‘A t~Hr. (30) 
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FE"30, ~EHU, F:“aO, rzECIJ, (31) 

F:;:aO, (t,O) EHIOI, IEH’, (32) 

illustration of the modified MILP model, the follow- 
ing two stream sets need to be defined: 

F$,F1:: 3 0, (1’,0’)ECIOI., 1’EC’, (33) 

where, the subscript k in the above model is asso- 
ciated with the kth temperature interval 
(k=l,2,. . ., K), and Q&r is the amount of heat 
that must be exchanged between streams 4 and q in 
interval k. Notice that equation (19) is the heat 
balance equation for a hot stream 6 in set fi around 
interval k. If 5 = h, Q$ on the right-hand side of this 
equation can be replaced by equation (21). If E E HF 

or (EHP, then, depending upon ~EH’ or <E H”, 
different expressions should be substituted for Q&, 
i.e. &. o)eHIO$-Cpmi “I0 AT, in the former case and 
FFjSkATk for the latter. Note also that the latter 
expression can be computed directly. Similar 
expressions can be used to replace the term Q$ on 
the right-hand side of equation (20). Due to the 
limitation of space, the corresponding presentations 
are not repeated in this paper. 

Finally, it should be pointed out that, correspond- 
ing to the same minimum utility consumption rates, 
it is possible to identify more than one set of suitable 
F$‘$s and F$jy;,s in solving MPl and MRPl. This 
situation is acceptable since only the energy targets 
will be used in the modified MILP model for com- 
puting the minimum number of exchangers. On the 
other hand, it should also be noted that, although 
the stream data of the fictitious streams are not 
needed in formulating the MILP and NLP models, 
these informations are still quite useful. In particu- 
lar, they can be adopted in our evolutionary pro- 
cedure for generating the initial feasible solutions 
for solving the modified NLP problem. 

THE DESIGN TARGETS FOR NETWORK SYNTHESIS 

To synthesize an optimal HEN with mathematical 
programming techniques, it is necessary to deter- 
mine first the design targets for use in the NLP 
model, i.e. the minimum number of exchangers, the 
corresponding heat duty in each exchanger unit and 
the hot and cold streams involved in every match. 
Usually, they are determined with an MILP model. 
For the system in which process streams originated 
from different units are not allowed to be merged, a 
model has already been developed (Papoulias and 
Grossmann, 1983). If, however, stream-merging 
schemes can be considered in the synthesis of 
HENS, then additional exchangers can be elimi- 
nated from such networks and, thus, the capital 
investment can be lowered significantly. To facilitate 

From the above definitions and the definitions of H’ 
and C’, one can see that, if a group of process 
streams are allowed to be mixed, these streams 
should be regarded as one member in set fi or e. In 
other words, every group of mixable streams is 
viewed as one combined heat source or sink in the 
modified MILP model. 

The entire temperature range of the process 
streams is again divided into K intervals by the same 
method described in the previous section and they 
are numbered by an index k. In addition, if the 
number of pinch points determined by the model 
MPl is S, the HEN can be separated into S+ 1 
subnetworks. Starting from the high-temperature 
end, a label s (s = 1,2, . . . , S + 1) is assigned to each 
subnetwork. Within any subnetwork s, there may be 
several temperature intervals. The set of these inter- 
vals is represented by SN, in this study. 

Using the definitions stated above, further classifi- 
cation of the streams can be achieved: 

fi, = b 1~ E fi and stream p is present in SN,}, 

c, = {v) Y E e and stream Y is present in SN,}, 

and 

& = b 1~ E fi,, k E SN, and stream p is present in 
interval I;< k}, 

erk = {VI Y E es, k E SN, and stream Y is present in 
interval k}. 

The modified MILP model can then be formu- 
lated accordingly: 

min c 2 2 Y,,, , (MP2), (34) 
r=l p’EFl*“YEC, 

Subject to: 

R,,,k - R,,-, + 2 Q,wk = Q,?%, PEak, (35) 
V&k 
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Fig. 3. The generalized stream structure. 

Ypvs=O or 1, ICE&, vet:,, (39) 

R +~O, e pvkaOt PE&7 YEC,,(40) 

where keSNs and s=l,2,. . . ,S+l. Notice that 
the terms Q$ and Q$ in this model can be com- 
puted directly from the stream data of the problem 
and the solutions of the modified LP models. Also, 
the values of the residual heats R,,s entering or 
leaving all subnetworks should be set to zero. Thus, 
the unknowns in model MP2 are Q,,,s, YflVks and 
R,,G (except the ones already set to zeros). 

From the above description, one can clearly see 
that solving MP2 should produce the fewest number 
of matches within each subnetwork. If there is only 
one subnetwork, then the resulting number of 
exchangers in the network is truely at its minimum. 
If, however, pinch points exist, then it may be 
possible to reduce the total number of matches 
predicted by MP2 further. In this work, the evolu- 
tionary procedure suggested by Linnhoff and 
Hindmarsh (1983) has been utilized to “break” the 
loops identified in the solutions of MP2. Details of 
this approach are provided in Example 1. 

THE GENERALIZED STREAM STRUCTURE 

To integrate all options of merging/splitting pro- 
cess streams into the HEN design strategy, a genera- 
lized stream structure has been developed in this 
study. This structure is a modified version of the 
superstructures derived by Floudas et al. (1986) and 
Yee and Grossmann (1991). Corresponding to each 
group of process streams in H’ or C’, it can be 
constructed according to the following procedure: 

List all the exchangers between this group of 
streams and other streams. 
Install a mixer before every exchanger listed 
above. 
Install a mixer on each output stream in the 
group. 

l Install a splitter on each input stream in the 
group and the split branches are connected to 
all the mixers mentioned above. 

l Install a splitter at the exit of each exchanger 
and connect the split branches to all the pre- 
viously mentioned mixers except the one before 
the same exchanger. 

The structure of this generalized scheme can be 
represented by Fig. 3, in which the symbol Y, 
denotes the 6th entrance splitter (L = 1, 2, . . ., M\), 
the symbol & - %, - Y represents the eth exchanger 
(e=l, 2, . . ., ML) and the mixer and splitter 
attached before and after this exchanger, and & 
denotes the 0th exit mixer (o= 1, 2, . . ., Mb). 
An example corresponding to the case Mi = Mk = 
Mb = 2 is presented in Fig. 4. Notice that all possi- 
ble configurations in connecting multiple process 
streams are imbedded in this scheme, e.g. stream 
split, bypass, matches in series, matches in parallel, 
matches in series-parallel, etc. Further, the genera- 
lized stream structure presented in Fig. 3 reduces to 
the superstructure suggested by Floudas ef al. (1986) 
if M: = Mb = 1 and, thus, is also suitable for streams 
which are not allowed to be mixed with other 
streams, i.e. the streams in set H” or C”. 

THE OPTIMUM NETWORK STRUCTURE 

The generalized stream merging/splitting configu- 
rations described in the previous section can be 

Fig. 4. The generalized stream structure corresponding to 
the case M:=Mk=M&,=2. 
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incorporated in an NLP model to generate the 
optimal HEN structure. Within a specific subnet- 
work s, the set of matches between hot and cold 
streams can be written as: 

MA={(i,j)lY,,,=l, iE@, je0 

The heat exchanged in each match (i, j) E MA can be 
calculated directly from the solutions of the modi- 
fied MILP problem, i.e. Q,,=ZkEsN,Qii*. Let us 
group all the hot and cold streams in a HEN into one 
single stream set HCT, i.e. 

HCT=fi U e=(x). 

Notice that there may be several splitters and mixers 
on a stream (or a group of streams) corresponding to 
a particular 1c in the set HCT. The branches before 
and after each splitter, mixer or exchanger can be 
viewed as different streams. In this study, each of 
them is given a label j and collected in the stream set 
N,, i.e. N, = { j}. The temperature and heat-capacity 
flowrate of stream j are represented by Ty and f;, 
respectively. Also, the sets of splitters and mixers on 
stream K (or group of streams with label K) are 
denoted by Y, = {u} and &. = @}, respectively. The 
input and output stream sets associated with any of 
these splitters can be defined as: 

Y:(u) = {jlj is the label of an input stream to the 
splitter u, j E X, , uE Yz}, 

e(u) = { j 1 j is the label of an output stream from the 
splitter u, j E X,, uE YJ. 

Similarly, the input and output streams of a mixer 
can be collected in two stream sets, i.e. 

h:(p) = { j 1 j is the label of an input stream to the 
mixer p, j E N‘, , p E .M.,}, 

d:(p) = { j 1 j is the label of an output stream from the 
mixer, p, jEXK‘,, PEY,}. 

In addition, the streams connected to exchangers in 
the generalized structure are classified according to 
the definitions of the following stream sets: 

*={a JQ is the label of a hot input stream to 
exchanger (i, j), a E Ni, (i,j) E MA}, 

Et0 = {/3 1s is the label of a hot output stream from 
exchanger (i, j), p E Ni, (i. j) E MA}, 

E$‘={rlv is the label of a cold input stream to 
exchanger (i, j), ye.“r,, (i, j) E MA}, 

w = {S 16 is the label of a cold output stream from 
exchanger (i, j), 6 E Nj, (i, j) E MA}. 

The material and energy balance equations asso- 
ciated with the splitters, the mixers and the 
exchangers in the HEN should be adopted as the 
constraints of the modified NLP model, i.e. 

l Material balance for splitters: 

c f;- c f;=O, u~Y’fx, KEHCT. (41) 
jsY&z) FY(?W 

l Energy balance for splitters: 

T; = Ti”, i E #+(a), i~%m, 

UEYXP,, KEHCT. 

l Material balance for mixers: 

(42) 

2 f;- c f;=O, ,o~.&,, KEHCT. (43) 
ie.%) ie.&) 

l Energy balance for mixers: 

KEHCT. (44) 

l Material balance for exchangers: 

Corresponding to any match (i, j) EMA, the 
input and output flowrates should be equal, i.e. 

ti=A, a E Et’, B E E;O, (45) 

f: =A, YEEUC’, GEESO (46) 

l Energy balance for exchangers: 

Corresponding to any match (i, j) E MA, the heat 
exchanged Q, should be the same as that released 
by hot stream i or that absorbed by cold stream,j, 
i.e. 

Q,-fh(Th-Tb)=O, CZEEHI b? 

BE Et’, i$HU, (47) 

Q,-p;(T’,- T’,)=O, Y E Et’, 

6EE;O ieCU, (48) 

Q, -&Ah?” = 0, CZEEH’ u 1 ieHtJ, (49) 

Q, - f$A+” = 0, YEE:‘, jECU. (50) 

In addition to the above equality constraints, 
there are two types of inequality constraints in the 
NLP model, i.e. 

l The minimum temperature approach required 
in every exchanger: 

Corresponding to each (i, j) E MA, the follow- 
ing relations should be satisfied: 

T’,-T$3ATmi,, a E Et’, 6 E EtoO, (51) 

T’ -T+ATmin, 0 BEEt(O, YE Ee. (52) 

l Non-negative heat-capacity flowrates: 

f;*O, I’EN,, K E HCT. (53) 

The above constraints are, in essence, the same as 
those suggested by Floudas et al. (1986) in formulat- 
ing the original NLP model. Since the input-output 
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system structure of the HEN adopted in this study is and 
modified to accommodate the possibility of stream- 
merging, the inlet and outlet temperatures and heat- 
capacity flowrates must be specified differently. 
Notice that, corresponding to each KE (H’ U C’), 
there may be multiple initial splitters (each on one 
input stream) and multiple final mixers (each on one 

l Specifications for the inlet temperatures: 

Ti”= T;, (62) 
output stream) associated with the generalized 
scheme (Fig. 3). In this paper, these splitters are 
denoted by & (T E HI, or r E CI,) and the mixers by 
pi (1 E HO, or L ECO,). On the other hand, if 
K E (H” U C”), the symbols & and p” are used to 
represent, respectively, the only initial splitter and 

where 

iE YX~), KE(H”UC”), 

Ti={Tf, isH”; T:, jeC’}, 

T;= T:, (63) 
final mixer on the generalized scheme for stream K. 
As a result, the inlet and outlet conditions can be 
imposed according to the above notations: 

l Specifications for the inlet heat-capacity flow- 
rates: 

f:=F,, (54) 

where 

je X(4), KE(H”UC”), 

F,={F,,I’EH”; Fi,jeC”}, 

where 

ie W4, K E (H’ U c’), 

t~H1, or 5cCI,, 

T:={Tj,iEH’,LcHI,; T$,i’EC’,~‘cCI,,} 

and 

Ti = T,H’ (W 

Tf: = TF’c. (65) 

and F, and Fj represent the heat-capacity flow- 
rates of hot stream i and cold stream j, i.e. F”d, 
and F:;, , respectively: 

f;=Fi, (55) 

where 

jeX(o$ KE (H’ U c’), 

rsH1, or teCI,, 

l Specifications for the outlet temperatures: 

Ti”= T:, ( w 
where 

i E XYP@l, KE(H”UC”), 

Tz={TF, ieH”; Ty, jcC’), 

T;= T”,, (67) 

F:={F~,~~H’,LEHI~;F~:,~‘EC’,~‘ECI,~} where 

and i E Jdc%% KE(H' U c’), 

Ff= F$, (56) deH0, or DECO,, 
F;: = Fc’,’ 

CP‘, 7 (57) T~={~,i~H’,o~HO,;T:‘,i’~C’,o’~CO,~}, 
l Specifications for the outlet heat-capacity flow- and 

rates: 

f;=F,, (58) 
T; = Tk”,, (W 

where TF’= TF, (69) 

je”@(p”), KE (H” U c”), The objective function for minimizing the invest- 

F,={Fi, ieH”;F,, jEC3, ment cost of subnetwork s of a HEN can be 

and F, and Fj represent the heat-capacity flow- 
expressed by 

rates of hot stream i and cold stream j, i.e. F& 
and F"d, , respectively: 

fT=F;, (59) where A, is the area of the exchanger corresponding 
where to match (i, j) E MA and Ct, and Cb,, are cost coef- 

je JW?), KE (H’ U c’), 
ficients. Also, the log-mean temperature difference 

1eH0, or DECO,, 
needed for determining the heat transfer area A, 
can be computed by the method suggested by 

F~={F$‘,ieH’,oEHOI;F~,i’eC’,o’eCOis} Paterson (19EJ4). Thus, the modified NLP model 
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(MP3) for the HENS can be formulated with equa- 
tions (70) and (41)-(69). The final HEN design can 
be obtained by combining the results corresponding 
to all subnetwork. 

It should be noted that MP3 is formulated accord- 
ing to the solutions of the modified MILP problem 
(MP2). Notice also that the residual heats entering 
or leaving all subnetworks are set to zero in MP2. If 
this restriction is removed, i.e. heat is allowed to 
flow across the pinch, it may be possible to construct 
a network with exchanger number lower than that 
predicted by the MILP model, e.g. see Yee and 
Grossmann (1990a-c) and Ciric and Floudas (1991). 
In our study, this is done by formulating an NLP 
model which includes all subnetworks. The design 
targets adopted in this mode1 can be obtained by 
modifying the MILP results with the loop-breaking 
techniques (Linnhoff and Hindmarsh, 1983) des- 
cribed previously. Such an approach will certainly 
increase the complexity of the mathematical model 
and, also, create computational difficulties. But, on 
the other hand, opportunities in eliminating some of 
the matches predicted by the modified MlLP mode1 
may be identified in the combined system and the 
corresponding network configurations may be 
generated due to the extra degree of flexibility 
introduced by the generalized stream structure. 

GENERATION OF THE INITIAL FEASIBLE SOLUTIONS 

Although all possible configurations are included 
in the generalized stream structure and, thus, com- 
prehensiveness is ensured in the synthesis pro- 
cedure, the present approach suffers one major 
drawback, i.e. the computation load of the iterative 
solution process associated with the NLP problem is 
often overwhelming. This is due to the fact that, by 
allowing the additional options created by merging 
process streams in HEN design, the number of 
undetermined variables becomes extremely large 
even for a system with relatively few process 
streams. Generally speaking, the rate of conver- 
gence in solving a nonlinear programming problem 
is strongly dependent upon the initial guess. This is 
especially true in our case. If the initial values of the 
variables in model MP3 are assigned arbitrarily, the 
corresponding numerical solution process, carried 
out with a well-developed commercial software, e.g. 
MINOS (Murtagh and Saunders, 1983) and GINO 
(Liebman et al., 1986), is usually divergent. 
Presently, one of the most popular approaches to 
produce initial feasible solutions is to introduce 
slack variables into the equality constraints and use 
their sum as the objective function. Similar to other 
NLP problems, convergence still cannot be guaran- 
teed in this initialization process. Further, even such 

an initial feasible network can be identified, it is 
highly possible to locate a local optimum instead of a 
global one in the subsequent optimization problem 
due to the nonlinear nature of the mode1 MP3. 
Thus, if the present approach is to be adopted for 
practical applications, a systematic short-cut method 
must be developed to quickly generate, as many as 
possible, feasible network structures to complement 
the existing numerical initialization procedure. 
Furthermore, there are other incentives for using 
the proposed evolutionary approach. In particular, 
engineering judgement can be exercised in synthe- 
sizing the initial HENS. Thus, the solution of the 
NLP mode1 (MP3) may not be needed since the 
initial feasible solution is already a practical design 
with a cost considerably lower than most other 
networks obtained with the conventional methods. 
This feature can be very useful when the solution of 
MP3 is difficult to obtain. 

Since the modified LP and MILP models can be 
solved easily with LINDO (Schrage, 1990) infor- 
mation concerning matches in the system, i.e. their 
heat duties and the streams (i, i) E MA involved in 
heat exchange, should be available before the syn- 
thesis of the actual HEN configuration. On the basis 
of these informations, an evolutionary procedure 
can be followed to construct feasible networks for 
use as the initial guesses of the numerical iteration 
process: 

1. Treat each fictitious stream as an individual 
process stream and use the Pinch Design 
Method (Linnhoff and Hindmarsh, 1983) to 
produce the maximum energy recovery 
(MER) networks. Notice that more than one 
design may be generated in this step. 

2. Compare the matches in an MER network 
with those obtained from solving MP2, i.e. 
the matches in set MA. If all the matches in 
the latter case are included in the former, 
then consider the corresponding MER 
network as one of the candidates. Notice that, 
since both the MER designs and the solutions 
to the MILP problem (MP2) may not be 
unique, more than one candidate may be 
found. 

3. Select one of the candidates. List all matches 
in the candidate network and, then, remove 
the ones belonging to set MA from the list. 
The resulting list is referred to as list L in this 
procedure. Treat each stream (or each group 
of streams) in set HCT as a node and each 
match in the candidate MER network as an 
edge in an undirected graph. In this graph, 
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identify the loops that contain edges corres- 
ponding to the matches in list L. If there exists 
a match which is in list L but not on any of the 
above loops, then discard the present candi- 
date network and repeat the current step. If 
there exists a loop which does not contain 
nodes corresponding to stream group 1 E H’ 
(or I’ EC’), then also discard the present 
candidate and repeat the current step. 

4. Select one of the matches in list L and one of 
its corresponding loops. Note that it is better 
to consider loops with fewer nodes first. Shift 
heat duties of the exchangers on this loop to 
eliminate the selected match. Then, revise the 
inlet and outlet temperatures of the 
exchangers in the network accordingly. 
Notice that, at this point, the target tempera- 
tures of the fictitious streams may not be the 
same as those specified in the problem state- 
ments. This is acceptable and can be cor- 
rected later. 

5. Identify all the matches with increased heat 
duties on the loop selected in the previous 
step and, then, divide them into two groups, 
i.e. the matches with one or two fictitious 
streams involved and those without. The 
matches in the latter group are examined in 
this step. If, in any of these matches, the 
minimum temperature approach is smaller 
than the given limit, then go to Step 4 to work 
on another loop. If all loops are exhausted, 
then discard the present candidate and go to 
Step 3. Notice that, if a loop contains only 
two nodes, the present step is not required. 

6. Examine the first group of matches identified 
in the previous step. Notice that they are 
connected with the neighboring matches in 
the selected loop via nodes corresponding to 
the fictitious streams. In general, each of 
these nodes is associated with two fictitious 
streams having the same group number 1 E H’ 
(or I’ EC’). Notice that the heat duties of the 
neighboring matches must have been reduced 
or shifted completely in Step 4. If the mini- 
mum temperature approach in one of the 
matches examined is smaller than the given 
limit, then label this match as exchanger I, its 
corresponding fictitious stream as stream A, 
its neighboring match as exchanger II, and 
the fictitious stream associated with its neigh- 
boring match as stream BThe minimum 
temperature approach in exchanger I can be 
corrected by implementing a simplified 
version of the generalized stream structure to 
stream A and stream B. Specifically, this 

structure can be constructed with the follow- 
ing subprocedure: 

l Install a mixer on stream A before 
exchanger I. 

l Install a mixer on stream B before the 
downstream match of exchanger II. 

l Install a splitter before the mixer on 
stream A. The temperature of this splitter 
is the outlet temperature of the upstrenm 

match of exchanger 1. The split branches 
are connected to the two mixers mentioned 
above. 

l Install a splitter before the mixer on 
stream B. The temperature of the splitter 
is the inlet temperature of exchanger II. 
The split branches are also connected to 
the two mixers mentioned above. 

l Adjust the flowrates of the four split 
branches in such a way that the minimum 
temperature approaches in the two down- 
stream matches of both mixers are higher 
than the given limit. 

Notice that there may be two (one hot and 
one cold) fictitious streams involved in 
exchanger I. In such cases, the above pro- 
cedure can be applied to either one or both of 
them to raise the corresponding temperature 
approach. In addition, the number of matches 
identified as exchanger I in this step may be 
greater than one. Thus, it may be necessary to 
repeat the subprocedure to modify the inlet 
and outlet conditions of these matches so that 
the constraints of hi”,, can be satisfied. 
If any of the tasks described in this step 
cannot be accomplished, go to Step 4 and try 
to eliminate the match through another loop. 
If all alternative loops are exhausted, discard 
the present candidate and go to Step 3. 

7. Examine the remaining exchangers in the 
resulting network. If, in any of the exchanger, 
the constraint of AT,,,, is violated, the simpli- 
fied stream structure can also be utilized for 
correcting this situation. If this step fails, go 
to Step 4 and try to eliminate the match 
through another loop. If all alternative loops 
are exhausted, discard the present candidate 
and go to Step 3. 

8. Repeat Steps 4-7 until all matches in list L 
are eliminated. 

9. The desired output conditions can be 
achieved by implementing another version of 
the simplified stream structure: 

l Install mixers on output streams corres- 
ponding to all o E HO, (IE H’) and all o’ E 
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Table 1. Data needed in formulating the LP, MlLP and NLP models for Example 1 

Input Heat-capacity output Heat-capacity 
Stream Group stream flowrate Temperature stream flowrate Temperature 

type NO. NO. (kW/“C) (K) NO. (kW/“C) CC) 

1’ 11.4 37.8 1’ 24.4 204.4 
Cold 1’ 2’ 12.9 65.6 2’ 12.9 182.2 

3’ 13.0 93.3 
Hot 1 16.6 248.9 16.6 121.1 
Hot 2 13.3 204.4 13.3 65.6 

AT,.=11.1“Cc. 

co,, (I’ EC’). 
0 Install splitters on all fictitious streams at 

the exits of the network obtained in the 

previous step. The split branches of the 

fictitious stream (1, o) E HIO, [or 
(c’ , o’) E CIO,,] are connected to the mixers 

on all output streams in set HO, (or Cot,). 
Notice that both HIO, (or CIO,.) and HO, 
(or COr) are corresponding to the same 
group number. 

l Adjust the flowrates of the split branches 
in such way that the desired output temper- 
atures and heat-capacity flowrates are 
achieved. 

If these tasks can be accomplished, then the 
resulting network is an initial feasible solu- 
tion. 
Repeat Steps 3-9 until all candidates are 
exhausted. 

Finally, it should be noted that this procedure is 
still applicable if the matches in MA and their 
corresponding heat duties have been modified with 
the loop-breaking techniques described previously 
for the purpose of reducing the total exchanger 
number predicted by MP2. 

APPLICATION EXAMPLES 

To show the effectiveness of the proposed 
approach, two examples are presented here. The 
first one is a simple HEN design problem with only 
one subnetwork. The proposed synthesis procedure 
is explained in detail using this example. The second 
problem is concerned with the design of heat reco- 
very network in a food additive processing plant. 
The possibility of eliminating additional units from 
the “optimal” network is clearly demonstrated in 
this case study. 

Example 1 

Let us consider the HEN design problem specified 
in Table 1. There are two hot streams in this system 
and they are not allowed to be mixed with each 
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other. On the other hand, the three cold input 
streams in this problem can be merged in any 
form and, after leaving the HEN, the mixture is 
sent to two different downstream units for further 
processing. 

Minimum utility cust without restricted matches- 
According to the definition of the stream set CIOr , 
the supply and target temperatures of the fictitious 
cold streams in this case are: 

Fictitious SuPPlY Target 
stream temperature temperature 

No. (“C) (“C) 

1’1’ 37.8 204.4 
2’1’ 65.6 204.4 
3’1’ 93.3 204.4 
1’2’ 37.8 182.2 
2’2’ 65.6 182.2 
3’2’ 93.3 182.2 

The heat-capacity flowrates of these fictitious 
streams are the undetermined variables in model 
MPl. They must satisfy the following constraints: 

5 FE;::‘= 24.4, 
,‘=,’ 

I. 

a’=,’ 

2’ 

c F=‘=“’ = 13.0. @I... 
o’=l’ 

Based on any of the standard partition method, the 
temperature intervals of the transformed system can 
be defined (Fig. 5). The corresponding LP model 
(MPl) was solved by LINDO (Schrage, 1991). The 
minimum consumption rates of hot and cold utilities 
of this problem were found to be 880.1 and 0 kW, 
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Fig. 5. The heat flow pattern specified in the modified LP model of Example 1, 

respectively, and, thus, there is no pinch point. The 
heat-capacity flowrates of the fictitious streams were 
also determined. Their values (in kW/‘C) are: 

F$$:= 11.4, Fcro~: = 0 0 
CPll . ’ 

FC’O1: = 13 0 
CP,, . 3 

Fc’Ot’ = 0.0 @lazy 3 F:;?2:= 12.9, F$'$=O.O. 

Notice that the solution to MPl may not be unique. 
thus, it is possible to find that the minimum utility 
cost can be achieved with more than one set of 
fictitious heat-capacity flowrates. 
3Minimum utility cost with restricted matches-Let 
us consider the same problem presented in Table 1, 
except that the match between hot stream 2 and any 
of the cold streams is forbidden. The corresponding 
model MRPl has been solved by LINDO. In this 
case, the minimum hot and cold utility consumption 
rates are 2726.1 and 1846.0 kW, respectively. 

The design targets for network synthesis--The 
energy targets, i.e. the minimum utility consump- 
tion rates and the pinch temperatures, obtained by 
solving MPl were used to determine the design 
targets here. According to model MP2 and the 
definition of C’, all the cold process streams in this 
problem should be viewed as one combined heat 
sink. Thus, its corresponding heat flow pattern (Fig. 
6) is different from that of model MPl (Fig. 5). The 
solution of MP2 can also be obtained by LINDO 

(Table 2). Since there is only one subnetwork, these 
results will be adopted in the NLP model without 
modifications. Also, notice that the heat-capacity 
flowrates of the fictitious streams computed with 
MPl were not adopted to construct MP2. On the 
other hand, if the possibility of merging the cold 
streams in Table 1 is excluded in HEN design, then 
the MILP problem should be formulated as one with 
three individual cold process streams. Their heat- 
capacity flowrates can be chosen to be the same as 
the solutions of MPl, i.e. those of the fictitious 
streams. The corresponding minimum number of 
exchangers is 5. However, from Table 2, one can see 
that the actual minimum value should be 3 if stream- 
merging is allowed in HEN synthesis. 

The initial feasible solutions-The purpose of identi- 
fying feasible solutions of model MP3 is to acceler- 
ate the numerical iteration process for determining 
the optimal network configuration. Since a global 
optimum cannot be guaranteed in solving this nonli- 
near programming problem, it is desirable to gener- 
ate several feasible networks for use as the initial 
guesses. Notice also that constructing MER 
networks for the transformed input-output system 
structure is the starting step of the proposed evolu- 
tionary synthesis procedure. Therefore, it is actually 
quite helpful to identify more than one set of heat- 
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\14ii$g.+/ 
Fig. 6. The heat flow pattern specified in the modified MILP model of Example 1. 

capacity flowrates for the fictitious streams in solving 
MPl. 

A number of candidate HENS have been con- 
structed by following the proposed procedure: 

Step l-Based on the heat-capacity flowrates of the 
fictitious streams obtained from solving MPl, two 
MER networks can be produced by implementing 
the Pinch Design Method (Fig. 7a, b). 
Step %-From the fact the matches in Table 2 are 
included in the HENS presented in Fig. 7a and b, 
one can conclude that both of them can be used as 
the candidates for generating the initial network 
configurations. 
Step 3-Select the MER network in Fig. 7a as the 
candidate. The list of matches to be eliminated can 
be determined to be: 

L=((l, 1’)(2,1’)}. 

Table 2. The ovtimum matches for Exuwle 1 

Subnetwork 
NO. 

Match 

Hot stream No. Cold stream No. 

Heat 
duty 
(kw) 

1 utility 1’ 880.1 
1 

: ;: 
2121.5 

1 1846.0 

The corresponding loops are: 

l~l’--*l, 

2+ 1’+2. 
(a) 

(b) 
Step 4-Select loop (b). After shifting the heat 
duties in this loop, the inlet and outlet temperatures 
of the exchangers in the HEN were revised accord- 
ingly (Fig. 8a). 
Step 5-This step is not required. 
Step 6-The constraint of AT,,, in exchanger 1 of 
the revised HEN in Fig. 8a is violated. The simpli- 
fied stream structure was then applied to correct this 
situation. The resulting network is presented in 
Fig. 8b. 
Step 7-From Fig. Sb, one can observe that none of 
the exchangers violate the constraint of AT,,,i,. 
Step 8-Repeat Steps 4-7 to eliminate exchanger 3 
in Fig. 8b. The resulting network can be found in 
Fig. SC. 
Step 9-By implementing the proposed procedure 
to produce the desired output conditions, an initial 
feasible solution can be obtained (Fig. 9a). 
Step W-By repeating Steps 3-9, several other 
feasible solutions can be generated. Some of them 
are presented in Figs 9b-d. 

The optimal heat exchanger network-Using a con- 
stant hot-utility temperature of 300°C and the above 
feasible solutions as the initial guesses, the optimal 
heat exchanger network can be obtained by solving 
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Fig. 7. (a) A candidate network for generating the feasible initial solutions. (b) Another candidate 
network for generating the feasible initial solutions. 

the corresponding NLP problem (MP3) with GINO. 
For this example, the best network configuration 
was found to be the one presented in Fig. 10. 

Example 2 
This example is a realistic industrial HEN design 

problem. The problem is concerned with the heat 
recovery system of the distillation area in a food 
additive processing plant. Double-effect distillation 
columns are used to purify a mixture of iso-propyl 
alcohol (IPA) and water from 41.3% wt to approxi- 
mately 81% wt of IPA. 

A simplified process flow diagram of the distilla- 
tion area is presented in Fig. 11. The feed to this 
separation system is drawn from an intermediate 

tank, in which a large inventory of 41.3% wt of IPA 
is stored at 43.3”C. Two feed streams, Cl and C2, 
are heated to 93.3 and 60.3”C, respectively and, 
then, fed to a high pressure column (Col. 2) and a 
low pressure column (Col. 1) separately. Another 
heat sink in the system is the process water stream 
C3 which is consumed in another part of the plant 
and is required to be heated from 10.0 to 93.3”C. 

The overhead stream of Col. 2 is condensed in the 
reboiler of the low pressure column. This condensed 
stream is then flashed in vessel Vl. The bottom 
stream of Vl, i.e. H4, is cooled from 80.0 to 32.2”C 
and sent to the storage tank for the concentrated 
IPA/water mixture. The flashed vapor stream from 
Vl is combined with the superheated overhead 
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121.1 l 

16.6 

Fig. 8. (a) Generation of the initial feasible solutions-Step 4. (b) Generation of the initial feasible 
solutions-Step 6. (c) Generation of the initial feasible solutions-Step 8. 
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121.1" 
16.6 

21245 
Fig. 9 

vapor from Col. 1 to form a new stream HS, which is 
then cooled from 81.1”C to the target temperature 
of 32.2”C for storage in the same tank mentioned 
above. The bottom stream from Col. 2 is sent to a 
flash drum (V2) operated at a pressure slightly 
above 1 atm, to which the blowdown water from the 
reboiler is also delivered for the purpose of recover- 
ing some useful steam. The stream from the bottom 
of V2, i.e. H3, is contaminated by trace IPA and can 
be considered as a heat source since its temperature 
is at 1089°C. The waste heat should be utilized 
before H3 being cooled to 18.3”C for treatment. 
Also, two other wastewater streams, Hl and H2, 

coming from water removal area of the plant are 
available at 76.7 and 54.4’C, respectively, for use as 
heat sources in this heat recovery system. Both 
streams are contaminated by IPA and should be 
cooled down to 18.3”C before treatment. The 
detailed stream data of this system are summarized 
in Table 3. 

It should be pointed out that H5 is a vapor stream 
initially. Under the operating pressure, its bubble- 
point temperature is about 80.6”C. Also, the heat of 
vaporization of stream H5 has been estimated to be 
9.636 X 105 J/kg and its flowrate is 11,463 kg/h. 
From these data, the cooling process of HS can be 
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(bJ 

Fig. 9. (a) The initial feasible solution for Example l-alternative one. (b) The initial feasible solution 
for example l-alternative two. (c) The initial feasible solution for Example l-alternative three. (d) 

The initial feasible solution for Example l-alternative four. 

divided into two steps. The stream is condensed 
initially from 81.1 to 80.6”C. In this example, the 
enthalpy change occurred in this temperature inter- 
val is described by the heat released from a 
“pseudo” liquid stream with a heat-capacity flow- 
rate of 6137.1 kW/“C. The next step is to cool the 
condensed HS from 80.6”C to the storage tempera- 
ture (32.2”C). The corresponding enthalpy change 
can be calculated with the estimated heat-capacity 
flowrate of the liquid mixture in H5 (10.4 kW/“C). 

Since Hl, H2 and H3 are all wastewater streams 
contaminated by trace of IPA, the designer is 
allowed to merge the three streams in any possible 
configuration. Also, H4 and H5 can be mixed in 
liquid form due to the facts that they are both 

concentrated IPA/water mixtures and bound to be 
sent to the same storage tank eventually. Notice 
that, since the considerations in designing a con- 
denser are different from those for liquid-liquid 
heat exchangers, it is necessary to treat the 
“pseudo” liquid stream in H5 as a separate and 
individual stream in the HEN synthesis. Finally, 
from the observation that streams Cl and C2 are 
originated from the same intermediate storage tank, 
one can conclude that they can be combined and, 
then, split and heated to their respective target 
temperatures. On the basis of the above discussions, 
the stream data presented in Table 3 can be modi- 
fied for formulating the LP, MILP and NLP models 
in this example (see Table 4). 
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Fig. 10. The optimal heat exchanger network for Example 1. 

Based on the solution procedure proposed in this Although cost-efficient HENS can be obtained 
paper, the problem presented in Table 4 can be with the design targets in Table 5, a somewhat 
solved in three steps, i.e. different approach was taken in this example. 

0 The minimum utility consumption rates: 

The modified LP model for this example can be 
formulated according to MPl. Its solution can 
be obtained easily with LINDO. The minimum 
consumption rates of the hot and cold utilities 
were determined to be 802.7 and 2157.6kW, 
respectively. The hot and cold pinch tempera- 
tures are 81.1 and 72.8”C, respectively. 

l The design targets for network synthesis: 

The modified MILP model can be formulated 
according to MP2 and the solution of MPl. 
LINDO was again used for solving the optimi- 
zation problem. The results are summarized in 
Table 5. 

Table 3. Stream data for the heat recovery system in an IPAlwater 
distillation unit 

stream 
type 

and No. 

Heat-capacity 
flowrate 
(kWI”C) 

SupPlY 
temperature 

(“C) 

Target 
temperature 

(“C) 

Hl 15.8 76.7 18.3 
H2 2.6 54.4 18.3 
H3 35.1 108.9 18.3 
H4 7.1 80.0 32.2 
HS 6137.1 81.1 80.6 

10.4 80.6 32.2 

E 22.8 18.6 43.3 43.3 93.3 60.3 
C3 64.0 10.0 93.3 

T 18.S ‘C 
4-c 

Fig. 11. The simplified flow diagram of IPA/water distillation unit in a food additive processing plant. 
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Table 4. Data needed in formulating the LP, MILP and NLP models for Example 2 

Stream 
type 

Hot 

Hot 

Input Heat-capacity Output Heat-capacity 
Group stream Bowrate Temperature stream Rowrate Temperature 

NO. NO. (LWI’C) (‘C) No. (kW/“C) (“C) 

1 15.8 16.7 1 53.5 18.3 
1 2 2.6 54.4 

3 35.1 108.9 

2 1 7.7 80.0 1 18.1 32.2 
2 10.4 80.6 

Hot 3 6137.1 81.1 6137.1 80.6 

Cold 1’ 1’ 41.4 43.3 1’ 22.8 93.3 
2’ 18.6 60.3 

2’ 64.0 10.0 64.0 93.3 

Table 5. The optimal matches for Example 2 

Sub- 
network 

No. 

1 
1 
1 

2 
2 
2 
2 
2 

Match 

Hot stream No. Cold stream No. 

utility 1’ 
utility 2’ 

1 2’ 

: 2’ 
;: 

3 
1 utility 
2 utility 

Heat duty 
(kW) 

467.2 
335.5 
976.7 

1940.5 
989.0 

2079.5 
1285.4 

872.2 

Notice that, due to the extra degree of flexibi- 
lity introduced by the generalized stream struc- 
ture, it is often possible to remove some of the 
exchangers from these “optimal” networks 
without increasing the utility demands. From 
Table 5, one can observe that a loop is formed 
between hot stream 1 and cold stream 2’ if the 
two subnetworks in this example are con- 
sidered as one combined system in synthesizing 
the HEN. If the heat duties of the matches in 

Fig. 12. The optimal heat exchanger network for Example 2. 
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this loop are shifted, one exchanger can be 
eliminated. The informations concerning the 
matches of this modified system, i.e. their heat 
duties and the streams involved in each match, 
can be used as the basis for formulating the 
NLP model of the combined system. 

l The optima1 network configuration 

Assuming that the temperature of the hot uti- 
lity is constant at 127°C and the temperature of 
the cold utility varies between 10 and 20°C in 
every cooler, this model was again solved by 
GINO. The resulting network is presented in 
Fig. 12. Notice that the number of exchanger 
units in this design is 8, which is one less than 
that determined with the modified MILP model 
(see Table 5). 

CONCLUSIONS 

A systematic procedure has been proposed in this 
study to incorporate various options of merging/ 
splitting process streams in the design of HENS. In 
particular, an input-output system structure was 
introduced to derive the modified LP and MILP 
models for calculating the design targets of operat- 
ing and capital costs and, also, a generalized stream 
structure was developed to formulate the NLP 
Model for generating the optimal network configu- 
rations. Also, the effectiveness of this approach was 
greatly enhanced by the development of an evolu- 
tionary procedure for producing feasible solutions to 
be used as the initial guesses of the NLP problems. 

The practical value of the suggested synthesis 
techniques has been clearly demonstrated in the 
application examples presented in this paper. It can 
be observed that the generalized stream structure is 
indeed useful in the synthesis of process configu- 
rations. Without increasing the operating costs, the 
capital costs of HENS may be reduced significantly 
by adopting such options in design. Also, due to the 
extra degree of flexibility caused by considering the 
proposed methods in solving the synthesis problem, 
it is sometimes even possible to obtain networks 
with fewer exchanger units than those predicted by 
the modified MILP Model. 
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NOMENCLATURE 

Aii=Area of the exchanger corresponding to 
match (i. j) E MA 

C= Union of C’ and C” 
C’=Set of labels for all groups of mixable cold 

streams 

C”= Set of labels for all 
e= Union of C and CIJ 

regular cold streams 

C=Union of CF. CP and a combined cold 
stream formed from the rest of the streams 
in t2 

t,=Subset of t?_ in which the cold streams are 
required to be present in subnetwork SN, 
also 

CF=Set of labels for the cold streams in all 
forbidden matches 

CP= Set of labels for the cold streams in all 
compulsory matches 

CU= Set of labels for all cold utility streams 
Cl,*= Set of labels for all input streams in the I’th 

group of mixable cold streams 
CO,.=Set of labels for all output streams in the 

I ‘-th group of mixable cold streams 
CIO,.= Set of double indices representing all poss- 

ible fictitious streams in the I’th group of 
mixable cold streams 

Cr,, Cb,j= Cost coefficients associated with exchanger 
(6 i) 

Er= Set of labels for the branches of a hot stream 
entering the exchanger (i, j) E MA 

Eye= Set of labels for the branches of a hot stream 
leaving the exchanger (i, j) E MA 

Ey=Set of labels for the branches of a cold 
stream entering the exchanger (i, j) E MA 

Ep=Set of labels for the branches of a cold 
stream leaving the exchanger (i, j) E MA 

F= Set of double indices representing all forbid- 
den matches 

F!$= Heat-capacity flowrate of hot input stream I 
in set HI, 

FFz= Heat-capacity flowrate of hot output stream 
o in set HO, 

FE:;.= Heat-capacity flowrate of cold input stream 
L’ in set CI, 

F$‘= Heat-capacity flowrate of cold output stream n 
0’ in set CO, 

F!$z= Heat-capacity flowrate of hot fictitious 
stream (1,o) in set HIO, 

FEiyo.= Heat-capacity flowrate of cold fictitious 
stream (t’,o’) in set CIO, 

Fz’, Fz”= Mass flowrates of the mth hot and the nth 
cold utility, respectively 

f;= I$att;pacity flowrate of branch j on stream 

H= Union of H’ and H” 
H’=Set of labels for all groups of mixable hot 

streams 
B’= Set of labels for all regular hot streams 
&= Union of H and HU 
I%= Union of HF, HP and a combined hot stream 

formed from the rest of the streams in fi 
$=Subset of fi in which the hot streams are 

required to be present in subnetwork SN, 
also 

HCT= Union of fi and r? 
HF= Set of labels for the hot streams in all forbid- 

den matches 
HP= Set of labels for the hot streams in all com- 

pulsory matches 
HU= Set of labels for all hot utility streams 
Hl,=Set of labels for all input streams in the hh 

group of mixable hot streams 
HO,= Set of labels for all output streams in the Ith 

group of mixable hot streams 
HIO,= set of double indices representing all possi- 

ble fictitious streams in the Ith group of 
mixable hot streams 

K= Total number of temperature intervals 
M= Number of groups of mixable hot streams 
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M ‘= Number of groups of mixable cold streams 
Mk=Number of exchangers on the Ith group of 

mixable hot streams 

Tyr=Temperature of cold input stream L’ in set 

Mi= Number of input streams in the Ith group of 
mixable hot streams 

Mb= Number of output streams in the hh group of 
mixable hot streams 

Mg =Number of exchangers on the fth group of 
mixable cold streams 

M ;” = Number of input streams in the i’th group of 
mixable cold streams 

Mg = Number of output streams in the I’th group 
of mixable cold streams 

MA=Set of double indices representing the 
matches predicted by model MP2 

I,= Set of labels for all mixers on stream KE 
HCT 

@(p)=Set of labels for all branches entering the 
mixer p E jcc, 

@(p)=Set of labels for all branches leaving the 
mixer p E I, 

N= Sum of the number of groups of mixable hot 
streams and the number of regular hot 
streams 

N’= Sum of the number of groups of mixable cold 
streams and the number of regular cold 
streams 

N,=Set of labels for all the branches on stream 
KEHCT 

P=Set of double indices representing all com- 
pulsory matches 

PH,,, , PC.= Unit costs of the mth hot and the nth cold 
utility, respectively 

Q,,=Heat exchanged between hot stream i and 
cold stream j 

Q,,,=Heat exchanged between hot stream 5 and 
cold stream 9 in interval k 

QIC,=Heat output from interval k to cold stream 
1’EC” 

Q$= heat output from interval k to cold stream 
r/EC 

Q$= fy& output from interval k to cold stream 

Qgy=Hea;output from interval k to fictitious cold 
stream (c’, 0’) E CIOl 

QE=E;; input to interval k from hot stream 

Qg=y; input to interval k from hot stream 

Q$=F$ input to interval k from hot stream 

Qii”l=Heat’input to interval k from fictitious hot 
stream (6.0) EIIIO, 

Rt= Residual heat flow of interval k at tempera- 
ture Tk 

R,= Residual heat flow of hot stream 5 at temper- 
ature T* 

S=Total number of pinch points 
SN,=Set of labels for all intervals in the subnet- 

work s 
sP,= Set of labels for all splitters on stream KE 

HCT 
Z+‘i(u)=Set of labels for all branches entering the 

splitter 0~ yX 
fl(u)=Set of labels for all branches leaving the 

splitter 0~ Z?= 

Tj,, TF= Input and output temperatures of stream I’ 
and I’EC” 

Tf ,7’?= Input and output temperatures of stream I 
and IEB 

TF”=Temperature of hot input stream L in set HI, 
TfOl=Temperature of hot output stream o in set 

HOI 

l$?r= Temperature of cold output stream o’ in set 
COr 

TF= Temperature of branch j on stream KE HCT 
Y,,,=Binaxy variable representing the status of 

heat exchange between hot stream p and 
cold stream Y in subnetwork s 

A&x 7 Ah.,= Enthalpy changes of hot utility m and cold 
utility n, respectively, in interval k 

AT,= Temperature change in interval k 
AT,,,,.=Minimum temperature approach in a heat 

exchanger 
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