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Abstract

Methods exist for algorithmic process-network synthesis (PNS) as well as for heat-exchanger-network
synthesis (HENS); nevertheless, such methods cannot be easily integrated for a variety of reasons. For
instance, both PNS and HENS are complex problems; thus, their combination is naturally even more
complex. Our previous effort to establish the combinatorial foundation of PNS has yielded a highly effective
method involving the P-graph representation; the present approach to the integrated synthesis of process
and heat-exchanger networks resorts mainly to hP-graphs adapted from the P-graphs in conjunction with
the appropriate selection of inherent intervals of temperature range. This work focuses on the establishment
of an appropriate technique for the integration of PNS and HENS. The resultant technique is largely based
on combinatorics and combinatorial algorithms. The efficacy of the proposed approach is illustrated by
solving an industrial problem. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Algorithmic methods are available for process-network synthesis (PNS) generating flow sheets
of processes as well as for heat-exchanger-network synthesis (HENS); however, these methods
cannot be readily integrated for various reasons. For instance, the flow rates of streams are not
specified a priori in PNS; in contrast, the flow rates and temperatures of hot and cold streams
must be known as inputs in HENS. This difference can be attributed to the fact that the former is
macroscopic in nature, while the latter is mesoscopic in nature; this gives rise to the characteristic
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differences between them. Moreover, both PNS and HENS inevitably encounter combinatorial
complexity; naturally, such complexity will magnify profoundly when they are integrated due to
their interactions.

Heat integration in process synthesis is an extremely complex subject in the field of process
system engineering; however, it is of utmost practical importance and of intense current interest.
Attempts have been made to develop methods for such integration by resorting to pinch tech-
nology, simulation, heuristics and/or mixed integer programming based on the superstructure.
Various degrees of success have been achieved for small or modest size processes, especially for
mesoscopic systems such as separation and reactor sequences [1-5]. Nevertheless, much remains
to be done to develop a highly efficient, rigorous algorithmic method for the integration that is
readily implementable on a PC and applicable to a large-scale, realistic process.

The present paper aims at the development of an efficient technique for integrating PNS and
HENS. The resultant technique is largely based on combinatorics and combinatorial algorithms.
For simplicity, operating units, which are functional units of any process, such as reactors, sepa-
rators and heat exchangers, are modelled here by linear functions. The proposed framework,
however, is independent of the type of models of the operating units; therefore, it can be readily
adapted for the synthesis involving operating units modelled by non-linear functions.

Our previous work to establish the foundation of PNS has given rise to a highly effective
combinatorial method including the P-graph representation [6] and the accelerated branch-and-
bound algorithm, i.e., algorithm ABB [7]. The current approach to the integrated synthesis of
process and heat-exchanger networks resorts mainly to the hP-graphs adapted from the P-graphs
and algorithm ABB in conjunction with the appropriate identification of the inherent intervals of
temperature ranges of materials flowing through the process.

After a brief review of the combinatorial approach to process synthesis mentioned above, the
proposed technique is elucidated with the aid of a hypothetical motivating example. This is fol-
lowed by the application of the technique to a realistic industrial process, the toluene-hydro-
alkylation (HDA) process, to produce benzene [8].

2. Combinatorial approach to process synthesis: synopsis

In process synthesis, an unambiguous structural representation is required for formally ana-
lysing process structures. The process graph or P-graph, which is a directed bipartite graph, has
been introduced for this purpose [6]. A brief description of it is given below.

Let M be a given finite non-empty set of objects, usually material species or materials that are to
be transformed in the process under consideration. The transformation between two subsets of M
occurs in an operating unit as illustrated in Fig. 1, where a circle represents a material, and a
horizontal bar, an operating unit. It is necessary to link this operating unit to other operating
units through the elements of these two subsets. P-graph (M, O) contains the interconnections
among the operating units in set O (see Fig. 2).

The efficacy of P-graph representation in solving PNS problems has been amply demonstrated
[7]. Nevertheless, it is incapable of tackling HENS problems by itself. Thus, P-graph represen-
tation need be modified by including additional features pertaining to heat exchange, as will be
elaborated in connection with the motivating example.
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Reactor Distillation column
Conventional P-graph Conventional P-graph

Fig. 1. Conventional and P-graph representations of a reactor and a distillation column.

A B

Fig. 2. P-graph representation of a network of operating units.

3. Motivating example

An optimal process is to be synthesised to produce material M, at a rate of 100 t/year by taking
into account not only the cost of the process proper but also that of the subsidiary heat-exchanger
network. Fig. 3 shows the maximal structure of the network of the process proper; the maximal
structure is the superstructure with minimum complexity [9]. The operating units are represented
by blocks; and their interconnections by lines with the directions of flows indicated by arrows.
When the temperatures of the merging streams do not match, they must be modulated by heat-
exchanging units, each comprising one or more heat exchangers and/or other heat-transfer de-
vices, e.g., reboilers and condensers, in the process to be synthesised. It is unknown a priori which
heat-exchanging units will be incorporated into the process. Thus, only the heating or cooling
duty concomitant with each stream is noted in Fig. 3; it is marked by a horizontal bar. On each
bar the heating is indicated by an arrow pointed upward from the left to the right; and the cooling,
pointed downward from the left to the right. The maximal structure depicted in Fig. 3 naturally
contains the potentially optimal structures. For example, the solution containing operating units
2,5, and 7 is able to yield product M, from raw materials M;, My, and M,;; therefore, it is one of
the potentially optimal structures.
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Fig. 3. Process flow sheet of the motivating example.

Suppose that the mathematical programming model and cost function of each operating unit
are linear; then, an MILP model is appropriate for describing the network of the process proper in
synthesis. Nevertheless, the subsidiary heat-exchanger network cannot be directly modelled from
the maximal structure of the process proper; additional details need be provided for modelling.
Parameters pertaining to the operating units are given in Table 1; and the data pertaining to the
raw materials, in Table 2.

The heat production or consumption in an operating unit is determined by multiplying the
coeflicient of the latent heat source in Table 1 by the scaling factor relative to the unit with the
prespecified capacity. For instance, a value of 20 in the table and a scaling factor of 2 imply that
the heat production of operating unit 3 is 40 MJ. The flow rate of the input or output material of
each operating unit for a prespecified capacity is given in the unit of t/h by the first number in the
bracket following the name or symbol of materials. The second number after the comma is the
temperature in the unit of K of the material if it is known.

The cost function of an operating unit comprises the investment and operating costs according

to the following formula:
la+ Ibx
=————+4+0a+ 0b 1
fx) payout period +Oat Obx (1)

Table 1
Plausible operating units

Number Latent heat temperature  Latent heat source Input streams (t/h, K) Output streams (t/h, K)

(K) coefficient (MJ/h)
1 - - M;(3,343) M, (2), My(1,363)
2 - - M,(1.5) M; (1), M,(0.5)
3 353 20 M;(1), Mg(1,353) M;(2,333)
4 - - M;(0.3), M;(1.7) M;(1,363), My(1)
5 - - M»(2), Ms(1) Ma4(3)
6 - - Mo(1) M;(1,328)
7 - - Mio(1.2), M;1(0.8) M;(2)
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Table 2
Raw materials
Name Price [USD/t] Maximum flow [t/year]
M; 140 Unlimited
M, 200 Unlimited
My 250 Unlimited
Mo 50 Unlimited
My 70 Unlimited

where la and Ib are the constants pertaining to the investment cost; Oa and Ob, the constants
pertaining to the operating cost; and x, the scaling factor of the operating unit (relative to the
prespecified capacity). Moreover, the payout period is considered to be five years. The cost
parameters of the operating units are listed in Table 3.

If the cooling and heating duties cannot be met within the structure, utilities must be used.
Table 4 contains the parameters pertaining to such utilities.

The heat-transfer coefficients and area costs are regarded as identical for all heat exchangers.
For simplicity, they are assumed to be 1.0 MJ/(h Km?) and 5.0 USD/m?, respectively.

3.1. hP-graph

The hP-graph is a special graph containing both operating and heat-exchanging units. Fig. 4 is
the hP-graph representation of the flow sheet of the example illustrated in Fig. 3. The nodes for
operating units are denoted by solid horizontal bars; and those for materials, by solid circles. The

Table 3

Cost parameters of the operating units
Operating unit Investment cost (USD) Operating cost (USD)

la Ib Oa Ob

1 7,500 1,200 500 160
2 3,800 1,000 140 250
3 8,000 1,000 400 170
4 15,000 1,500 500 100
5 10,000 1,500 900 300
6 3,000 750 200 100
7 5,000 800 700 160

Table 4

Cost parameters of the utilities
Utility Type Temperature (K) Cost (USD/MJ)
H, Hot 373.0 2.0

C Cold 293.0 3.0
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M, M,

Fig. 4. hP-graph representing the integrated structure of the process and heat-exchanger networks of the motivating
example.

node for a heat-exchanging unit for heating is indicated by a bar with a solid lower half; and that
for cooling, by a bar with a solid upper half. When the content of any operating unit is heated or
cooled by latent heat, the node for it is extended to the left by an appropriate heat-exchanging
unit. For example, operating unit 3 is heated with hot latent heat. Suppose that part of a material
stream feeding to an operating unit requires the temperature modulation, and the remaining part
feeding to another operating unit does not. Then, the former is diverted through a heat-
exchanging unit, and the latter, an undesignated operating unit. Each of the two streams of ma-
terial Mg is such a case.

3.2. Solution

The current example has been solved with algorithm ABB [7]. Fig. 5 illustrates the enumeration
tree generated in implementing this algorithm.
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1

1.1.1.1 1.1.1.2

Fig. 5. Enumeration tree of the accelerated branch-and-bound algorithm for the motivating example (worst case).

Algorithm ABB determines if any of the operating units should be included in the optimal
structure. Sets are assigned to the nodes of the tree to indicate the decisions made in the branching
part of the algorithm. Set “Undecided” contains the operating units yet to be examined; set
“Included” comprises those included in the partially generated structure; and set “Excluded”
consists of those excluded from it. The leaves of the tree can be the candidate solutions of the
problem. Table 5 lists the contents of the sets assigned to every node.

The first decision represented in the enumeration tree at node 1 is concerned with product M;.
It can be produced with operating unit 1, with operating unit 2, or with both of them. These
possibilities are represented at nodes 1.1, 1.2 and 1.3, respectively. The next level of decisions
involves the incoming materials of the newly included operating units. Such decisions are ne-
cessary as long as there are materials, which are not raw materials and not yet produced by any
operating unit already included in the structure.

Each node of the search tree in Table 5 is associated with different models to be solved. For
illustration, nodes 1 and 1.1.1.2 are elaborated in what follows.

Table 5

Partial problems examined
Node Undecided operating units Included operating units Excluded operating units
1. 1,2,3,4,5,6,7 - -
1.1 3,4,6 1 2,5,7
1.1.1 6 1,3 2,4,5,7
1.1.1.1 - 1,3 2,4,5,6,7
1.1.1.2 - 1,3,6 2,4,5,7
1.1.2 6 1,4 2,3,5,7
1.1.3 6 1,3,4 2,5,7
1.2 4,5,6,7 2 1,3
1.3 3,4,5,6,7 1,2 -
1.3.1 6 1,2,3,5,7 4
1.3.2 5,6,7 1,2,4 3

1.33 5,6,7 1,2,3,4 -
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Node 1 (root): This is the first node; no decision is made at this node, and thus, set “Unde-
cided” contains all the operating units. First, the proposed method determines the potential hot
and cold streams. For this example, the method yields two potential hot streams and two potential
cold streams, as summarised in Table 6. These streams are considered only as potential since their
existence depends on the nature of the network of the process proper to be synthesised. Never-
theless, they need to be taken into account in a relaxed partial problem, e.g., that represented by
node 1. Heating or cooling is necessary if the temperature of a material exiting from one operating
unit is fed to another operating unit at a different temperature. For instance, operating unit 3
produces material M3 at 333 K, which is fed to operating unit 1 at 343 K; thus, M; must be
heated. One or more sources of latent heat can be assigned to a single operating unit. Table 7 lists
the source of latent heat, i.e., stream LH,; fed to operating unit 3.

Hot and cold streams can be indicated in the well-known cascade diagram as depicted in Fig. 6
where the temperatures of the cold streams are shifted upward by the approach temperature,
which is regarded to be 10 K, to circumvent pinches. For example, cold stream S; of material M,
varying from 333 to 343 K is rendered to range from 343 to 353 K. In the diagram, /,,/,,..., and
Is signify the temperature intervals that are inherent in the temperatures of material streams
passing through the process.

All hot and cold streams are divided into component substreams according to the inherent
temperature intervals, /;,1,,..., and Is; the hot component substreams are designated as FSH;
through FSH3, and the cold component substreams, as FSC4 through FSC,, as listed in Table 8.

A heat-exchanging unit or units can be established between any pair of a hot composite sub-
stream and a cold composite substream. Each of the composite substreams comprises one or more
component substreams, which are adjacent, i.e., linked, to each other, as presented in Table 9.

A hot composite substream and a cold composite substream in Table 9 can be matched if the
initial temperature of the former is greater than or equal to the final temperature of the latter. The
hot and cold composite substreams can also be matched if the final temperature of the former is
greater than or equal to the initial temperature of the latter. Accordingly, set JSS(SSH;)
(i = 1,2,3,4) contains those composite substreams in Table 9 that can be matched with substream

Table 6
Potential hot and cold streams at node 1
Stream Type Material Initial temperature (K) Final temperature (K)
S Hot M; 363 343
S, Hot Mg 363 353
S; Cold M; 333 343
S, Cold Ms 328 353
Table 7

Source of latent heat at node 1

Stream Type Operating unit Temperature (K)
LH, Hot latent 3 353
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Fig. 6. Cascade diagram illustrating the inherent temperature intervals and hot and cold streams at node 1 of the
motivating example.

Table 8

Hot and cold component substreams at node 1
Substream Material Type Initial temperature (K) Final temperature (K)
FSH, M; Hot 363 353
FSH; Mg Hot 363 353
FSC, M; Cold 343 353
FSC; Y 5 Cold 338 343
FSCq Mg Cold 343 353
FSC, M; Cold 353 363

Table 9

Composite substreams at node 1
Substream Interval Material Type Initial temperature (K) Final temperature (K)
SSH; L M; Hot 353 343
SSH, Iy M; Hot 363 353
SSH3 13, 14 M3 Hot 363 343
SSH, Iy Mg Hot 363 353
SSCs L M; Cold 343 353
SSCs L Y 5 Cold 338 343
SSC, L Mg Cold 343 353
SSCs Iy Mg Cold 353 363
SSCy L, I M Cold 338 353
SSClO [3, [4 M@ Cold 343 363

SSC“ 12, 13, 14 M6 Cold 338 363
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SSH;; naturally, if there is no appropriate substream to be matched, the set is empty. Listed below
is all feasible JSS(SSH,)’s.

JSS(SSH,) = {SSCs, SSCs, SSC, SSCs}

JSS(SSH,) = {SSCs, SSCs, SSC-, SSCs, SSCy, SSCyo, SSC; }
JSS(SSH3) = {SSCs, SSCs, SSC+, SSCs, SSCo, SSC; }
JSS(SSH,) = {SSCs, SSCs, SSC-, SSCs, SSCy, SSCyo, SSC }

The latent heat can be handled similarly to any composite stream. Set JLS(LH;), therefore,
contains those composite substreams in Table 9 that can be matched to latent heat LH,, i.c.,

JLS(LH,) = {SSCs, SSCq, SSC, SSCy}

The utilities can be matched with each component substream. Set JSU(FSH,) (i = 1,2,3,4) or
set JSU(FSC,;) (i=4,5,...,11) contains those utilities that can potentially be matched with
component substream FSH; or FSC,, respectively. For instance, for hot component substream
FSH;, a cold utility with a temperature of 293 K in this example is appropriate if the final tem-
perature of this substream is greater than or equal to the temperature of the cold utility. All
feasible JSU(FSH,)’s and JSU(FSC;)’s are given below.

JSU(FSH,) = {C,}, JSU(FSH,) = {C,}, JSU(FSH;) = {C,},
JSU(FSH,) = {C,}, JSU(FSCs) = {H,}, JSU(FSCy) = {H,}, JSU(FSC;) = {H,}

where C; stands for cold utility 1, and H;, hot utility 1. In general, cold utility  is indicated by C,,
and hot utility i, by H;. The latent heats are handled similarly with respect to the utilities. Set
JLU(L,;) contains the utilities which can be appropriately matched to latent heat L;; thus,

JLU(LH,) = {C\}

Even though the temperature of any substream is known, its enthalpy flow is not known for
two reasons. First, the existence of a substream depends on the network structure of the process to
be synthesised. Second, the flow rate of any substream, if it exists, depends on the operating
conditions of the process. The specific heats of the materials which need to be heated or cooled are
summarised in Table 10.

The rate of release or absorption of heat by a component substream inducing the change in its
rate of enthalpy flow, QF; (i = 1,2,...,7), is computed by multiplying the specific heat and flow
rate of the material stream, and the corresponding inherent temperature interval; similarly, that
by a source of latent heat inducing the change in its rate of enthalpy flow, QL; (j = 1), is com-
puted by multiplying the coefficient of the latent heat source and the scaling factor of the pertinent
operating unit. All QF,’s for the hot component substreams are taken to be positive; and those for

Table 10

Specific heats of materials
Material Value
M; 0.4
M, 1.0

Ms 1.0
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the cold component substreams, negative. Similarly, QL;’s for the hot latent heat sources are
taken to be positive; those for the cold latent heat sources, negative.

The model relates QF;’s to the heat transfer between hot and cold composite substreams; it also
relates QL,’s to the heat transfer between the sources of latent heat and composite streams. Thus,
the pertinent variables of the model are the rates of heat transfer between the pairs of matched hot
and cold composite substreams; these variables can be classified into different types according to
the nature of matching. Each variable has two indices; the first indicates the hot substream, and
the second, the cold substream. The variables can be identified with the aid of sets JSS(SSH;)
(i=1,2,3,4), and JLS(LH,). For instance, if set JSS(SSH;) contains substream SSC;, then
variable Q;; expresses the rate of heat transfer from composite substream SSH; to composite
substream SSC;. Table 11 contains the variables of the model related to these heat transfers.

Additional variables are defined for expressing the utility requirements for component sub-
streams and sources of latent heats. Variable Q} indicates the rate of heat transfer between
component substream FSH; or FSC; and cold utility C; or hot utility H;, respectively; similarly,
QL indicates the rate of heat transfer between hot latent heat source LH; or cold latent heat
source LC; and cold utility C; or hot utility Hy, respectively. Table 12 contains the variables of the
model related to the utilities.

The significance of the change in the rate of enthalpy flow of component substream through the
release and absorption of heat, which is transferred from composite substream i to composite
substream j, with the rate, Q;;, can be discerned in Fig. 7 in which stream is depicted with a
rectangle. The length of the horizontal edge is proportional to the product of the specific heat and
flow rate of the stream, while the vertical coordinate represents the temperature. The area of the
rectangle represents the change in the rate of enthalpy flow of the stream. Let component sub-
stream FSH; (rectangle EFGH) be specified by inherent temperature interval [73, T5]; QF, rep-
resented by the area of the rectangle denotes the change in the rate of enthalpy flow accompanying
FSH; which corresponds to QF,. Also let SSH; (rectangle ABCD) and SSC; be composite sub-
streams, between which heat is transferred; the temperature interval of the former be [T}, 74]; and

Table 11
Variables of the model at node 1
SSCs SSCs SSC; SSCs SSCy SSCio SSCi;
SSH; Ois Ois 017 - Oy - -
SSH, O 0O 017 01 Oa9 Ox10 O
SSH; 055 Os6 037 - Os9 O30 Osn
SSH, Oss Os 047 Ous Os9 Os10 Os 11
LH, QL5 QL5 QL - QLi» - -
Table 12
Variables of the model pertaining to the utilities at node 1
FSH, FSH, FSH; FSC, FSC; FSCs FSC;, LH,
G i 95 05, QLT 1

H, Ou 9s, 23 %8
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Fig. 7. Heat balance for a component substream of the motivating example: the horizontal coordinate represents the
product of specific heat and flow rate of the respective stream, the significance of which manifests itself only in the
magnitude of its interval.

the rate of heat transfer between them be Q;. Note that the areas of the rectangles for SSH,
(ABCD) and SSC; are equal to Q;;. The intersection of the rectangles for FSH; (EFGH) and SSH;
(ABCD) represents the decrease in the rate of enthalpy flow accompanying FSH;, attributable to
the heat transfer between SSH; and SSC;; it is equivalent to the portion of QF, removed by this
heat transfer, which can be calculated as

-1
Ty —T

0y (2)

The ratio of the two temperature intervals in the above expression is the coefficient of Q;; in the
heat balance equation for FSH;.

Node 1 (root): This node involves seven component substreams and one source of latent heat.
As an example, let us consider hot component substream FSH,. The rate of heat release inducing
the change in the rate of enthalpy flow accompanying it is denoted by QF,. Every heat-exchanging
unit which is taken into account in the heat balance equation for FSH, operates on the inherent
temperature interval defining FSH,, i.e., I5. Every heat-exchanging unit, which transfers heat out
of composite substream SSH; or SSH; must be considered. Naturally, both the temperature in-
terval of SSH, i.e., I3, and that of SSH3, i.e., I U I, contain the inherent temperature interval of
FSHz, i.e., 13.
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Hot utility
373 °
L. My (M) (My)
363 S5 i
A
I (M,)
353 v L >
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Fig. 8. Possible path of heat transfer from composite substream SSH; to composite substreams SSCs, SSCs, SSCs,
SSCy, and cold utility at node 1 of the motivating example.

First, let us consider the possible heat transfer from hot composite substream SSH;, whose
temperature interval is /5; four heat-exchanging units can transfer heat from this interval to ap-
propriate cold subintervals as denoted by the arrows in Fig. 8; the heat exchanging units im-
plementing this heat transfer correspond to the elements of set JSS(SSH;) = {SSCs, SSCs,
SSC7,SSCy}. Here, the temperature interval of composite substream SSH; and the inherent
temperature interval of component substream FSH, are identical; it is /5. The coefficient for these
heat-exchanging units is computed by dividing the temperature interval of FSH, (353—
343 K = 10 K) by that of SSH; (353 — 343 K = 10 K). The coefficient is one because the entire
heat transferred is derived from component substream FSH,.

Let us now consider the possible heat transfer from composite substream SSH;, whose tem-
perature interval is I3 U Iy; six heat-exchanging units drain heat from interval as shown in Fig. 9.

Hot utility
373 o
I M) (M) (M)
| S, S, ‘ S,
363 A
/ SSH, (M)
' v M S

353 . 2
343 v —

338

: 1, Cold utility
293 : _ 50

Fig. 9. Possible paths of heat transfer from composite substream SSH; to composite substreams SSCs, SSCs, SSC7,
SSCy, SSCy, SSCy;, and cold utility at node 1 of the motivating example.
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Obviously, they can drain heat from FSH,, whose temperature interval is /5, and transfer it to the
appropriate subintervals; these six heat exchanging units correspond to the elements of set
JSS(SSH;) = {SSCs, SSCs, SSC7, SSCy, SSCo,SSCy;}. The coefficients related to the heat-
exchanging units are computed by dividing the temperature interval of FSH, (353 — 343 K =10
K) by that of SSH; (363 — 343 K =20 K). The coefficient is 0.5 because only half of heat
transferred is derived from the former.

There are no other possibilities to drain heat from inherent temperature interval /5. This leads
to the following heat balance equation for FSH,.

0=QF, —015-05055-016—050:6—017-0.5037—=019—0.503 9 — 0.505 19
-0.50; 11 - 05,

The heat balance equations are also obtained for all other component substreams and the source
of latent heat. The heat balance equations for all the component substreams and source of latent
heat are listed below.

0=QF -0 5-05035—-026—05036—0>7—05037— 05
_Q29_0'5Q39_Q2 10_0‘5Q3 lO_QZ 11_0'5Q3 II_QTI

0=QF,—015-05035—016—05056—017—0.50; 7
—019—0.5059—0.50;5 10— 0.505 11 — 05 |

0=QF; —Q45—046—047—048—0490—0410—0s 11— 03,
0=QF;+015+0:5+035+04s5+QL, s+ 0, ,

0=QFs+ Q16+ 026+ 036+ 0s6+0.33330; 9+ 0.33330, 9 + 0.333305 9
+ 03333Q4 9 + 02Q2 11 + 02Q3 11 + 02Q4 11 + QL1 6 + 03333QL1 9 + Q; 1

0=QF¢+ 017+ 057+ 0574 047+ 0.66670; ¢ + 0.66670, o
+ 06667Q3 9 + 06667Q4 9 + 05Q2 10 + 05Q3 10 + 05Q4 10
+0.40;, 11 +0.405 11 +0.404 11 +QL, ; +0.6667QL, o + O ,

0 = QF7 + Qz 8 + Q4 8 + 05Q2 10 + 05Q3 10 + 05Q4 10 + 04Q2 11 + 04Q3 11
+0.404 11 + 07,

OZQLI_QLIS_QLI6_QL17_QL19_QLTI

Table 13 summarises the coefficients of these balance equations.
The cost of heat exchange in the proposed mathematical model is deemed to be solely pro-
portional to the heat transfer area between substreams i and j; thus,

1

0 = ajj—————0;; 3
CJQ/ a/ U'ULMTDUQ/ ( )
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Table 13
Coeflicients of the heat balance equations at node 1

Variables QF, QF, QF; QF, QF;s QF; QF, QL,

Ors -1

015 -1

055 -1/2 -1/2

Oss -1
O -1

Os6 -1

(0 —1/2 -1/2

Oss -1
017 -1

0>7 -1

037 -1/2 -1/2

Os7 -1
Oss -1 1

Oss -1 1

O -1 1/3 2/3

0s6 -1 1/3 2/3

Q39 —1/2 —1/2 1/3 2/3

Q49 -1 1/3 2/3

D210 -1 1/2 1/2

O3 10 —1/2 —1/2 1/2 1/2

Q410 -1 1/2 1/2

O -1 1/5 2/5 2/5

Os 11 -1/2 —1/2 1/5 2/5 2/5

Q411 -1 1/5 2/5 2/5

QL5 1 —1
QL 1 -1
QL 1 -1
QLiy 1/3 2/3 -1
o1 -1

05, -1

05, -1

O 1

05, 1

61 1

07, 1

QL}, -1

—_—

—

—

where Q;; is the rate of heat transfer; a;;, the unit cost of heat-transfer area; U;; the heat transfer
coefficient; and LMTD;;, the logarithmic mean temperature difference. Eq. (2) implies that the
heat-transfer area computed on the basis of the logarithmic mean temperature difference, which is
derived under the simplifying assumptions, suffices for the synthesis. These assumptions are that
the heat-exchanging units are of the single-pass type and that one-dimensional, plug flow prevails
in the streams. Table 14 contains the parameters of the cost function.

The prescribed mathematical model at node 1 is a linear programming (LP) model for the HEN
part of the synthesis problem; adding the PNS part, consisting of the constraints and costs of the
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Table 14

Parameters of the cost function at node 1
Variable Coefficient c;; Variable Coefficient c;;
05 0.5000 019 0.4055
05 0.2500 0s9 0.2231
0Oss 0.3465 039 0.2877
Qs 0.2500 QOs9 0.2231
O 0.2876 s 10 0.3466
026 0.1823 0310 0.5000
036 0.2310 Os10 0.3466
Qs 0.1823 O 0.3054
Q17 0.5000 051 0.4055
0,7 0.2500 Osn1 0.3054
037 0.3466 QL5 0.3466
Q47 0.2500 QL 0.2231
0> 0.5000 QL4 0.3466
Qs 0.5000 QL 0.3054

operating units, yields the solution which serves as the lower bound for the branch-and-bound
algorithm.

Node 1.1.1.2 (leaf): At this node, operating units 1, 3 and 6 are included while all other op-
erating units are excluded from the structure. Only those substreams linked to the former need be
considered. Table 15 summarises the potential hot and cold streams, and Table 16 contains the
source of the latent heat of partial problem 1.1.1.2.

Table 17 contains the hot and cold component substreams, which are generated by the inherent
temperature intervals, 1;,1,,..., and Is, in Fig. 10. Table 18 lists the corresponding composite
substreams.

Upon defining the heat-exchanging units and deriving the heat balance equations, the resultant
LP model yields 51534 USD. Exploration of the entire enumeration tree indicates that the optimal
solution of the motivating example is indeed generated at node 1.1.1.2 (leaf). This optimal so-
lution contains only operating units 1, 3, and 6; the scaling factors for these operating units are 50,
75, and 25, respectively. The paths of heat transfer for this optimal solution are illustrated in Fig.
11.

4. Application
The toluene-hydrodealkylation (HDA) [8] comprises the reactor and separation systems, as
shown in Fig. 12. The reactions involved are

Toluene + H, — Benzene + CH,

2 Benzene < Diphenyl + H,

The streams of raw materials, toluene and hydrogen, are heated and combined with the re-
cycled toluene and hydrogen streams before they are fed to the reactor. The product stream
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Table 15
Potential hot and cold streams at node 1.1.1.2

Stream Type Material Initial temperature (K) Final temperature (K)
S Hot M, 363 353
S, Cold M; 333 343
Ss Cold M 328 353
Table 16

Source of latent heat at node 1.1.1.2

Stream Type Operating unit Temperature (K)
LH, Hot latent 3 353
Table 17

Hot and cold component substreams at node 1.1.1.2

Substream Material Type Initial temperature (K) Final temperature (K)
FSH, M, Hot 363 353
FSC, M; Cold 333 343
FSC; Mg Cold 338 343
FSC, M, Cold 343 353
FSCs Mg Cold 353 363
Hot utili
373 o
I M) M,)
S, S,
363 o A
L 4 LH S,
I
343 L
338
) I Cold utility
293 o

Fig. 10. Cascade diagram illustrating the inherent temperature intervals and hot and cold streams at node 1.1.1.2 of the

motivating example.

leaving the reactor consists of hydrogen, methane, benzene, toluene, and the unwanted diphenyl.
Most of the hydrogen and methane are separated by condensing aromatics and flashing away the

light gases in a partial condenser.
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Table 18
Composite substreams at node 1.1.1.2
Substream Interval Material Type Initial temperature (K) Final temperature (K)
SSH;, I Mg Hot 363 353
SSC, I M; Cold 338 343
SSG; L M, Cold 343 353
SSCy 1 M, Cold 353 363
SSC;s L, L M, Cold 338 353
SSC6 13, 14 M6 Cold 343 363
SSC7 12, 13, 14 M5 Cold 338 363
373 Hgt utility
I (M) (M,)
‘ S, S,
363 'y
M
5 A LH, (Nf
353 4 . S
' N
343
! >
338 —— {
- \Cold utility
293 o

Fig. 11. Paths of heat transfer for the optimal solution of the motivating example.

Toluene + H, — Benzene + CHy
2 Benzene <> Diphenyl + H

Gas recycle Purge H,, CH,
H,, CH, ‘ + Benzene
> 1 d
Reactor o Separation )
Toluene system - system Diphenyl
> >

| !

<
<

Toluene recycle

Fig. 12. Toluene-hydrodealkylation of the (HDA) process.

The hydrogen exiting from the fl

ash is recycled, but the methane, which enters as an impurity in

the hydrogen feed stream and is also produced by reaction, accumulates in the gas-recycle loop.

Hence, a purge stream is required
process.

to remove both the feed and the methane generated from the
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Not all hydrogen and methane can be separated from the aromatics in the flash drum; there-
fore, most of the remaining hydrogen and methane are removed by distillation to prevent them
from contaminating the benzene product. Benzene is then recovered by distillation; finally, the
recycled toluene is separated from the unwanted diphenyl also by distillation. The separation part
of the system contains three simple and two complex separators.

In any process flow sheet, some streams must be heated, and others must be cooled. In the
HDA process (Fig. 13), the fresh toluene feed, makeup hydrogen, recycle toluene, and recycle gas
stream need be heated to the reaction temperature of 895 K. Also the reactor effluent stream need
be cooled to the cooling water temperature to accomplish the phase split. There are also heating
and cooling loads on the distillation-column reboilers and condensers, respectively.

The system consists of four cold and four hot streams, a reactor heat effect, and five hot and five
cold latent heat sources for the corresponding separators. The number of hot component sub-
streams is 14, and that of the cold component substreams is 48. This results in 48 + 14 = 62 linear

Notation:

Heating +
HM
H, feed 47-4—F

Toluene feed 47'4—F Reactor * >— Flash

> ©3cT
<
o8}
MJ/
v9)
_|
@]

< S
1 g8 2 '
T “«r r
a 4 a
B t t
< 0 o)
r r
D< D< — <
A BTD
4
HM
A A
T
S < S
S \ 8 HMBTD
a Bla
r r
a a
y t A t
0 0
r r
TD -

Fig. 13. Flow sheet of the HDA process.
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Notation:

Heating 7&
. Compressor
Cooling *
HM

H, feed ——mma__p—
Toluene feed —7‘—»— Reactor * >— Flash

0
m
; T
B HM
S —q¢—0—<¢- S
. : s .
T ® a a
r r
B 7 g \ g
—< 0 0

1ﬁ

TD

BTD

=O—~+Q=OTDWY

Fig. 14. Optimal solution of the HDA problem.

constraints belonging to the HEN model. There are 105 cold composite substreams and 333 hot
composite substreams, thereby yielding 10,227 potential heat-exchanging units. The number of
inherent temperature intervals is 18.

The current procedure yields the optimal solution within 96.07 s on a PC (Celeron 400 MHz).
The resultant optimal solution is illustrated in Fig. 14, which contains seven operating units and
18 heat-exchanging units.

5. Concluding remarks

A combinatorial method of PNS has been effectively combined with that of HENS for the
integrated synthesis of process and heat-exchanger networks. The application to the synthesis of a
realistic process has proved that the combined method’s efficacy is indeed remarkable.
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