SYNTHESIS OF HEAT
EXCHANGER NETWORKS

16.1 INTRODUCTION

In Chapter 10, a number of powerful insights were presented that can greatly simplify the
problem of synthesizing heat exchanger networks. These insights can be summarized as
follows:

* Given a minimum temperature approach, the exact amount for minimum utility
consumption can be predicted prior to developing the network structure.

* Based on the pinch temperatures for minimum utility consumption, the synthesis of
the network can be decomposed into subnetworks.

¢ The fewest number of units in each subnetwork is often equal to the number of
process and utility streams minus one.

* It is possible to develop good a priori estimates of the minimum total area of heat
exchange in a network.

While these insights narrow down the alternative designs for a network very consid-
erably, by themselves they do not provide an explicit procedure for deriving the configu-
ration of a heat exchanger network. In other words, the user has to examine by trial and
error matches and stream interconnections that will hopefully come close to satisfying the
targets for utility consumption, number of units, and total area. Quite often, this might not
be a trivial task, especially when one is faced with a rather large number of process
streams, and when splitting of streams is required. Furthermore, if we were to rely only on
these insights, it is rather difficult to develop a computer program that can automatically
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synthesize heat exchanger networks of arbitrary structure (e.g., with stream splitting, by-
passing of streams). Moreover, networks satisfying the targets may not necessarily corre-
spond to designs with minimum cost.

In this chapter we will present algorithmic optimization models for the synthesis of
heat exchanger networks that illustrate two major synthesis strategies: sequential opti-
mization and simultaneous optimization. First, we consider sequential optimization mod-
els that exploit the above insights, and at the same time provide systematic procedures
that allow the automation of this synthesis problem in the computer. The models (LP,
MILP, NLP) will also allow us to expand the type of problems that we can consider (e.g.,
multiple utilities, constraints on the matches, stream splitting). Secondly, we will present
an MINLP model in which the energy recovery, selection of matches, and areas are all op-
timized simultaneously.

Three basic heuristic rules that are motivated by the insights of Chapter 10 will be
used in the development of algorithmic methods based on sequential optimization. In par-
ticular, it will be assumed that an optimal or near optimal network exhibits the following
characteristics:

Rule 1. Minimum utility cost
Rule 2. Minimum number of units
Rule 3. Minimum investment! cost

Clearly, it is possible in general to have conflicts among these rules. Therefore, we
will assume that Rule 1 has precedence over Rule 2, and Rule 2 over Rule 3. In this way,
our objective will be to consider first candidate networks that exhibit minimum utility
cost, among these the ones that have the fewest number of units, and among these the one
that has the minimum investment cost. We will show in this chapter how for each of these
three steps we can develop appropriate optimization models to generate networks with all
possible options for sequencing, stream splitting, mixing and bypassing. We can consider
the optimization of the minimum heat recovery approach temperature (HRAT) either in
an outer loop of this procedure or else through the approximate procedure presented in
Part I11. Also, the precedence order of the heuristics can be indirectly challenged through
constraints on matches. In section 16.3 we will present a simultanecous MINLP model in
which the above rules do not have to be applied.

SEQUENTIAL SYNTHESIS
16.2.1 Minimum Utility Cost

Let us consider the following example to motivate a useful problem representation for the
prediction of the minimum utility cost.



Sec. 16.2

Sequential Synthesis

529

EXAMPLE 16.1

Determine the minimum utility consumption for the two hot and two cold streams given below:

Fep (MW/C) Tin (C) Tout (C)
H1 1 400 120
H2 2 340 120
Cl 1.5 160 400
c2 1.3 100 250

Steam : 500°C
Cooling water: 20-30°C

Minimum recovery approach temperature (HRAT): 20°C

The data for this problem are displayed in Table 16.1, where heat contents of the hot and
cold processing streams are shown at each of the temperature intervals, which are based on the
inlet and highest and lowest temperatures. The flows of the heat contents we can represent in the
heat cascade diagram of Figure 16.1. Here the heat contents of the hot streams are introduced in
the corresponding intervals, while the heat contents of the cold streams are extracted also from
their corresponding intervals. The variables R, R,, R, represent heat residuals, while Q, Q,,
represent the heating and cooling loads respectively.

-

TABLE 16.1 Temperature Intervals and Heat Contents (MW) for Example 16.1

Heat Contents (MW)

Temperature
Intervals (K) cl Hl H2 Cl C2
420 400
int |
HI 400 380 30
int 2
H2 340 320 60 90
int 3 250
180 160 A 160 320 240 117
int 4
Y ¥ 12 100 60 120 78
C2 280 440 360 195

The usefulness of the heat cascade diagram in Figure 16.1 is that it can be regarded as a
transshipment problem that we can formulate as a linear programming problem (Papoulias and
Grossmann, 1983). In terms of the transshipment model, hot streams are treated as source nodes,
and cold streams as destination nodes. Heat can then be regarded as a commodity that must be
transferred from the sources to the destinations through some intermediate “warehouses™ that
correspond to the temperature intervals that guarantee feasible heat exchange. When not all of
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Q, (Steam)
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i
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FIGURE 16.1 Heat cascade diagram.

the heat can be allocated to the destinations (cold streams) at a given temperature interval, the
excess is cascaded down to lower temperature intervals through the heat residuals.

To show how we can formulate the minimum utility consumption in Table 16.1 as an LP
transshipment problem, let us consider first the heat balances around each temperature level in
Figure 16.1. These are given by:

R +30=0,

Ry +90=R, +60
16.1
Ry +357 =Ry + 480 L

0, +78=Ry+ 180

From Eq. (16.1) it is clear that we have a system of 4 equations in 5 unknowns: R, Ry, R;,
Q, O, Thus, there is one degree of freedom, which in turn implies that we have an optimization
problem.

By considering the objective of minimization of utility loads, rearranging Eq. (16.1) and
introducing nonnegativity constraints on the variables, our problem can be formulated as the LP:
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minZ=0 +Q,
st R -Q,=-30
Ry— R, =-30 (16.2)
-R,=123
0, - Ry=102

Q.\" QM"’ R]’ R2’ RS 20

If we solve this problem with a standard LP package (e. g., LINDO), we obtain for the
utilities @, = 60 MW, O, =225 MW, and for the residuals R, = 30 MW, Ry=0, Ry =123 MW,
Since R, = 0 this means that we have a pinch point at the temperature level 340°-320°C, which
lies between intervals 2 and 3 (see Figure 16.1).

The above example then shows that we can formulate the minimum utility con-
sumption problem as an LP. This model is actually equivalent to the calculation of the
problem table that was given in Part III. This can be shown if we rearrange the constraints
in Eq. (16.2) by successively substituting for the heat residuals so as to leave 1he right-
hand sides as a function of Q; that is,

mnZ=0.+Q,
s R =0,-30
Ry=R;-30=0,-60 (16.3)
Ry=Ry+123=0, +63
0,=Ry+102=0, + 165
Ry, Ry, R3, Q0 0,20

W=

Suppose we now want to determine the smallest O, such that all the variables in the
lefi-hand side are nonnegative. Clearly if Q, =0, the largest violation of the nonnegativity
constraints will be —60 in the second equation of Eq. (16.3). Therefore, if we set 0, =60
MW, this will be the smallest value for which we can satisfy all nonnegativity constraints.
By then substituting for this value in Eq. (16.3), we get Ry =30, R, = 0, Ry = 123,
Oy = 225, which is the same result that we obtained for the LP in Eq. (16.2).

Thus, we have shown that the LP for minimum utility consumption leads to equiva-
lent results as the problem table given in Chapter 10. We may then wonder what the ad-
vantages are of having such a model. As we will see, the transshipment model can be eas-
ily generalized to the case of multiple utilities, and where the objective function
corresponds to minimizing the utility cost. Furthermore, we will show in the next sections
how this model can be expanded so as to handle constraints on the maftches, and so as to
predict the matches for minimizing the number of units. In Chapters 17 and 18 we will
also see how we can embed the equations of the transshipment model within an optimiza-
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tion model for synthesizing a process system (e.g. separation sequences, process flow-
sheets) where the flows of the process streams are unknown.

The transshipment model for predicting the minimum utility cost given an arbitrary
number of hot and cold utilities can be formulated as follows. First, we consider that we
have K temperature intervals that are based on the inlet temperatures of the process
streams, highest and lowest stream temperatures, and of the intermediate utilitites whose
inlet temperatures Tall within the range of the temperatures of the process streams (see
Chapter 10). We assume as in the above example that the intervals are numbered from the
top to the bottom. We can then define the following index sets:

H, = {i|hot stream { supplies heat to interval k}

C.={ j|cold stream j demands heat from interval k} (16.4)
S, = { m| hot utility m supplies heat to interval k}

W, = { n| cold utility n extracts heat from interval k}

When we consider a given temperature interval k, we will have the following
known parameters and variables (see Figure 16.2):

Known parameters: (M, 0¢, heat content of hot stream i and cold stream j in
I e jk J
interval k&

Cp» €,  Unitcost of hot utility i and celd utility n
Variables: Q3 ,0%  heat load of hot utility m and cold utility n
R, heat residual exiting interval k

The minimum utility cost for a given set of hot and cold processing streams can
then be formulated as the LP (Papoulias and Grossmann, 1983):

R
H - - c Cold
E Qi jezéko K Process
Interval k
o - |
m%‘?kaf’ nezm d;v Stci)lﬁies
Ry

FIGURE 16.2 Heat flows in interval k.
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: _ .S . W
min Z = Z"QO + Z('n n

mes neW (16.5)
S w H C
S'E‘Rk_kal_ sz+ ZQ‘H = zQﬁi = zQJk k:],K
mesy neW, ieH) JeCy

eriszzo Q:VEO Rk 20 k:],...K—l
R[]:O,RK:()

In the above, the objective function represents the total utility cost, while the K equa-
tions are heat balances around each temperature interval k. Note that this LP will in general
be rather small as it will have K rows and ny; +n,+ K — 1 variables. The model in Eq. (16.5)
we will denote as the condensed LP transshipment model to differentiate it from the LP that
will be given in section 16.3 for constrained matches. It should also be noted that in the
above formulation it would be very easy to impose upper limits on the heat loads that are
available from some of the utilities (e.g., maximum heat from low pressure steam).

EXAMPLE 16.2

Given the data in Table 16.2 for two hot and two cold processing streams and two hot and one
cold utility, determine the minimum utility cost with the LP transshipment model in Eq. (16.5).
By considering the temperature intervals in Table 16.3, and calculating the heat contents of the
process streams at each interval, the LP for this example is:

minZ= 80000 Qyp + 50000 O p + 20000 Oy
st R, — Qyp=—-60
R,-R, =10 (16.6)
Ry—Ry— @y p=-15
~Ry+ Q=175

R, R, R3, 0pp, Or p O oy 2 0

TABLE 16.2 Data for Example 16.2

FCp (MW/K) T,(K) T, (K)
HI 2:5 400 320
H2 38 370 320
C1 2 300 420
Cc2 2 300 370
HP Steam: 500K $80/kWyr
LP Steam: 380K $50/kWyr

Cooling Warer: 300K $20/kWyr
Minimum Recovery Approach Temperature (HRAT): 10K
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TABLE 16.3 Temperature Intervals of Example 16.2

Crp Cl
430 420 \
HI 400 390
S Vs,
] H2 380 _ 370
LP steam @ R, A
370 __ +_ 360
— R
320Y ; 310 7%00
- *Q,.,..‘ c2

The solution to this LP yields the following results:

Utility cost: Z = 6,550,000 $/yr.
Heat load high pressure steam: Qpp = 60 MW
Heat load low pl‘e‘ssure steam: Q) p =35 MW
Heat load cooling water: Q- =75 MW
Residuals: Ry =0, Ry =10 MW, Ry =0. - *
The two above zero residuals imply that there are two pinch points for this probleih: at 400

390 K. and at 370-360 K. This means that the temperature intervals in this problem can be parti-
tioned into three subnetworks:

Subnetwork 1: above 400-390 K
Subnetwork 2: between 400-390 K and 370-360 K
Subnetwork 3: below 370-360 K

16.2.2 Minimum Utility Cost with Constrained Matches

In practice it might not always be desirable or possible to exchange heat between any
given pair of hot and cold streams. This could be due to the fact that the streams are too
far apart or because of other operational considerations such as control, safety or startup.
Therefore, it would be clearly desirable to extend our LP transshipment formulation to the
case when we impose certain constraints on the matches. The most common would sim-
ply be to forbid the heat exchange between certain pairs of streams. We could also think
of requiring that a minimum or maximum amount of heat be exchanged between certain
pairs of streams (e.g. forcing the use of utilities on some of the streams).

The LP transshipment model in Eq. (16.5) implicitly assumes that any given pair of
hot and cold streams can exchange heat since there was no information as to which pairs
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of streams actually exchange heat. In order to develop an LP formulation where we do
have that information, we can consider the two following alternative models:

1. Transportation model where we consider directly all the feasible links for heat ex-
change between each pair of hot and cold streams over their corresponding temper-
ature intervals (Cerda and Westerberg, 1983). Figure 16.3 illustrates this representa-
tion for Example 16.1.

2. Expanded transshipment model (Papoulias and Grossmann, 1983) where we con-
sider within each temperature interval a link for the heat exchange between a given
pair of hot and cold streams, where the cold stream is present at that interval and the
hot stream is either also present, or else it is present in a higher temperature interval.
Figure 16.4 illustrates this representation for Example 16.1.

In principle we could use either of the two representations. However, we will con-
centrate on the second one for continuity with the previous section, and also because it
leads to LP problems of smaller size. So let us now try to explain in greater detail on how
the representation in Figure 16.4 is obtained.

The basic idea in the expanded transshipment model is as follows. Fifst, instead of
assigning a single overall heat residual R exiting at each temperature level k, we will as-
sign individual heat residuals R;, R, for each hot stream i and each hot utility m that are
present at or above that temperature interval k. Secondly, within that interval k we will de-
fine the variable @ to denote the heat exchange between hot stream i and a cold stream j.
Likewise, we can define similar variables for the exchange between process streams and

Hot streams Cold streams

Interval 1 =_O

Interval 2 _._._O

Interval 3

Q FIGURE 16.3 Representation of heat

Interval 4 flows for transportation model.
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* Qg Interval 1
420C 400C
4@ 360
HOoe V Ay Interval 2
o0 M1 60 .®
112
Interval 3
Qg
Interval 4
E 195

120C ¢ 100C
CJw

FIGURE 16.4 Representation of expanded transshipment model for Example 16.1.
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Bt
Y
Interval &
\ ¢
- e - Uy — ij
ik
FIGURE 16.5 Interval for expanded
Y transshipment model.

utilities. Figure 16.5 illustrates the above ideas for an interval & where we consider a hot

stream i and a cold stream j.

We should note that in general a given pair of streams can exchange heat within a
given temperature interval k if either of the two following conditions hold:
1. Hot stream 7 and cold stream j are present in interval k. This case is obvious as seen

in Figure 16.5.

2. Cold stream j is present in interval k, but hot stream i/ is only present at a higher tem-
perature interval. An example of this case is shown in Figure 16.6, where hot stream i
can exchange heat at interval 3, although it is not present there. The reason the heat
exchange can take place is simply because hot stream i is transferring heat to interval
3 through the residual R, that is coming from interval 2. Another example is shown in
Figure 16.4 where steam can exchange heat with cold stream C1 at interval 2.

Based on the above observations we can then formulate an expanded LP transship-
ment model where we do include the information on the exchange of heat between any
given pair of streams. Let us define first the following index sets:

Hk = {i | hot stream i is present at interval k or at a higher interval } (16.7)
S’k = {m | hot utility m is present at interval k or at a higher interval }

The index sets C,, W, are defined the same as in Eq. (16.4).
As for the parameters and variables, we will have the following (see Figure 16.7):

Qi Exchange of heat of hot stream i and cold stream j at interval

Qs Exchange of heat of hot utility m and cold stream j at interval k

Q. Exchange of heat of hot stream i and cold utility » at interval k (16.8)
R,:  Heatresidual of hot stream i exiting interval k

R,.: Heatresidual of hot utility m exiting interval k
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FIGURE 16.6 Example of heat flows
in case a hot stream does not provide
R i3 heat to all intervals.
Bkt R k1
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FIGURE 16.7 Heat flows in expanded transshipment model.
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The variables 05, Q% and the parameters 0%, 05, c,, ¢, are identical to those of
the previous section.

In contrast to the compact LP transshipment model Eq. (16.5) where we simply did
an overall heat balance around each temperature level, in this case we have to perform
balances at the following points within each temperature interval:

1. For the hot process and utility streams at the internal nodes that relate the heat con-
tent, residuals, and heat exchanges (i.e., nodes A and B in Figure 16.7).

2. For the cold process and utility streams at the destination nodes that relate the heat
content and heat exchanges (i.e., nodes C and D in Figure 16.7).

In this way the expanded LP transshipment model by Papoulias and Grossmann
(1983) can be formulated as:

min Z= Z‘chISn i chgfg

mes new

. H ; ,
s.t. Ripg—Rjpat Z‘Qijk+ EQink=Qik 1€ Hy

JeCy new),
s : -
Rk = Bpp-1t ZQmjk —0p=0 mes;
jEC’k
(16.9)
C .
ZQijk + EQmjk =05 JEeCk
iEH'k mesy
w_ —
ZQink_Qn_O HEW;( k=1,...K

ieHy
5 w
Rix: Rmk: Qijks 9miks Qinks 9m. Qn 20
Rijp = Rig = 0
Note that the size of this LP is obviously larger than the one in Eq. (16.5). The im-
portance of the formulation in Eq. (16.9) is the fact that we can very easily specify con-
straints on the matches. For example, if we want to forbid a match between hot i and
cold j all we need to do is to set Oy = 0 for all intervals k. Or, alternatively, we just
simply delete these variables from our formulation. For the case when we want to im-
pose a given match we can do this by specifying that its total heat exchange. which is

the sum of Oy over all intervals, must lie within some specified lower and upper
bounds. That is,

K
L U
Q5 < 3 Qi <0j

] (16.10)

Obviously we can also simply specify a fixed value for the sum in Eq. (16.10).
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EXAMPLE 16.3

Let us consider the example in Table 16.1 that we examined in section 16.2. For that example
we found that by not imposing any restriction on the matches, the minimum heating is 60 MW,
and the minimum cooling is 225 MW. If the cost of the heating and cooling utilities is $80/kWyr
and $20/kWyr, respectively, this would mean an annual cost of $9,300,000/yr. In addition, we
found a pinch point at 340-320°C. Let us assume now that we were to impose as a constraint
that the match for stream H1 and C1 is forbidden. Referring to Figure 16.4, the formulation in
Eq. (16.9) leads to the LP problem shown in Table 16.4. The solution to this LP is as follows:

Minimum utility cost Z = $15,300,000/yr
Heating utility load Q¢ =120 MW
Cooling utility load ~ Qy, =285 MW

TABLE 16.4 Expanded LP for Restricted Match in Example 16.3

Utility Cost: min Z = 80000 Q¢+ 20000Q,
Interval 1: . st Rgp+ Qg1 — Q=0
Qg1 =30
Interval 2: R+ Q=60 X -

Ry = R+ Qg12=0
Os12+ 011, =90

Interval 3: Ry =R 013+ Q=160
Ry3 + Qg3+ Oy = 320
Ry = Rgy + Q13+ @523 =0
Q)13 + Qa3+ O513= 240
Qg3+ @apa + Qg = 117

Interval 4: “Ri3+Qag+ Q=060
—Roy + Ooog + Qo = 120
R+ Q404 =0

Qiaa+Onat s =78
Qiwa+ Qo — CQw=0
Forbidden match: 0,12=0,,3=0 (HI-C1 do not exchange heat)

In other words, the heating utility consumption has doubled, while the utility cost has increased
by $6,000,000/yr with respect to the case when no malches are forbidden. In addition, there is
no longer a pinch point since the sum of heat residuals exiting each interval is greater than zero.
It is interesting to note that if we specify the match H2-C2 as a forbidden match, the utility cost
will be identical to the case when no constraints are imposed. This example, then, shows that by
imposing constraints on the matches the minimum utility cost may or may not increase.
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16.2.3 Prediction of Matches for Minimizing the Number of Units

As was shown in Chapter 10, the fewest number of units in a network is very often equal
to the number of process streams and utilities minus one. This estimate applies either to
each subnetwork when we partition the problem by pinch points or to the overall network
when we do not perform the partitioning. In this section we will show how we can extend
the expanded transshipment model Eq. (16.9) to rigorously predict the actual number of
fewest units, as well as the stream matches that are involved in each unit, and the amount
of heat that they must exchange.

Our first reaction might be to think that the expanded LP in Eq. (16.9) is already
giving us the information on the stream matches, and that therefore we can work from
there the required number of units. The reason why this is not true in general, is because
the objective function in Eq. (16.9) does not have the information that we want to mini-
mize the number of units. In fact, it is quite possible to have solutions of the expanded LP
that have the same minimum cost but involve different number of matches. Therefore, it
is clear that we require a formulation where we explicitly include the objective of mini-
mizing number of matches.

Since at this point we would have performed the minimum utility cost calculation
with or without match constraints, we would know the heat loads of the heating and cool-
ing utilities. Therefore, at this point hot process streams and hot ufilities can be treated
simply as additional hot streams i, while cold process streams and cold ualities can be
treated as cold streams j.

Assume we partition our problem into subnetworks. Each subnetwork g will then
have an associated set of K , lemperature intervals. In addition, to represent the potential
match of a given pair of hot and cold streams, we will define the following binary vari-
ables at the subnetwork g:

}-*(’,’;,- = 1 hot stream i, cold stream j exchange heat

0 hot stream ¢, cold stream j do not exchange heat (16.11)

It should be noted that for each of the predicted matches as given by the above bi-
nary variables with a value of one, we will be able to associate it to a single exchanger
unit. Therefore, the sum of units in the subnetwork will be simply given by the sum of the
binary variables in Eq. (16.11). Since our objective is to minimize the number of units, it

can be expressed as:
i 4
m“’z ZJU (16.12)
ieH jeC

As for the constraints, we will use the heat balances in Eq. (16.9) since they contain
the information on the heat exchange between pairs of streams. However, we can simplify
these equations for the two following reasons. One is that we know the heat contents of
the utility streams, the other is that we use a common index i for hot process and utility
streams, and the common index j for cold process and utility streams. In this way, the
equations for the heat balances can be written for each interval k as:
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H . fs
Rix=Rji -1t zQijk:Qik ieH, k=1..K,
JeC (16.13)
c i
EQij}c =07k J€Ck
J’.EHk

Ry Q=0

Finally, in a similar way as in the fixed cost charge model that we considered in
Chapter 15, we need a logical constraint that states that if the binary variable is zero, the
associated continuous variable must also be zero. In this case, we want to express the fact
that if the match is not selected (i.e., y,f.fj, = (), then the heat exchanged for that match
should also be zero. For any pair of hot i and cold j, this constraint can be written as:

K‘f
D Qi — Uy v <0 (16.14)
k=1 ‘

In this case, the upper bound Uj; will be given by the smallest of the heat contents of
the two streams. For example, if hot { has 100 MW and cold j has 200 MW, then we can
set Uj; to 100 MW as this is the maximum amount of heat that the two streams can ex-
change. 3

In this way, the problem defined by the objective function in Eq. (16.12), subject to
the heat balances in Eq. (16.13), the logical constraints in Eq. (16.14), zero-one con-
straints in Eq. (16.11), and non-negativity constraints for the heat residuals and heat ex-
changes in Eq. (16.13), corresponds o an MILP transshipment problem (Papoulias and
Grossmann, 1983). This problem we can solve independently for each subnetwork g (as
implied by the above equations) or simultaneously over all the subnetworks. We can, of
course, also develop a virtually identical formulation when we do not partition the prob-
lem into subnetworks.

The solution of the MILP transshipment problem will then indicate the following:

¢ Matches that take place ()g = 1)

K
q

* Heat exchanged at each match EQ e
k=1

This information can then be used to derive a network structure, either manually or
automatically, as will be shown in the next section.

An important point to be noted here is the fact that the solution of this MILP is not
necessarily unique. This follows from the fact that there might be several network config-
urations for the same number of units and utility cost. Furthermore, a given network con-
figuration may not necessarily have its heat loads defined in a unique way due to the pres-
ence of heat loops.
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EXAMPLE 16.4

Let us consider again the problem in Table 16.1. We will assume that no constraints are imposed
on the matches, so that 60 MW will be required for the heating and 225 MW for the cooling. Re-
ferring to Figure 16.8, which follows from Figure 16.4, Eqs. (16.12) to (16.14) lead to the prob-
lem shown in Table 16.5. If we solve the MILP, the solution that we obtain involves the six fol-
lowing matches:

Above pinch:
Match Steam—ClI 60 MW (yg14= 1. Qg1 =30, Qg1, =30)
Match HI1-C1 60 MW 1a=1, Q12 =1060)

Below pinch:
Match H1-ClI 25 MW One=1013=25)
Match HI1-C2 195 MW Viap=1, Q123 =117, Q4 =78)
Match H2-C1 215 MW (yyp=1. Q123 =215)
Match H2-W 225 MW Vawp = 1, Qapy = 225)

TABLE 16.5 MILP Model for Example 16.4

Number of units: min Z=ygd +y, A+ ¥ B+ v+ P
+ 217+ v+ you?
Interval 1: st Rg + Qg =60
Q511 =30
Interval 2: Riy+ Q=60
Ry =Ry + Qg =0
Osi2+0112=90
Interval 3: Ry3 =Ryt @iz + Q3 = 160

Raz+ Ogpyt Opy =320
Qi3+ Qo+ Qgy3=240
Q23+ Opat Uz =117
Interval 4: — Ryt Qg+ Q=60
“Ryz + Oopy + Qo = 120
Qs+ Oy + O5py=78
Q1w + Cowy =225

Matches above pinch: Qg1+ Q512 — 60y A <0
Q12— 60y 4 <0
Matches below pinch: 0,3—-220y,,5<0

O3+ Q1og — 195 y,7 <0
Qs —220y,y# <0
Q53— 240y, B <0

Qo3 + Qaag = 60y, <0
Qowa = 225 ¥y =0
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Based on the above information of matches and heat loads, we can manually derive the
network configuration, shown in Figure 16.9, with six units. The solution of the MILP, however,
is not unique. If we set the binary variable y f; = 0 for the match H1 ~C1 below the pinch, we ob-
tain a different set of six matches:

Above pinch:
Match Steam-C1 60 MW (yga=1.0,,=30,0,=30)
Match HI1-C1 60 MW Gyya =1, Q2= 60)
Below pinch:
Match H1-C2 195 MW Vyap=1, Qa3 =117, 01, =78)
Match H2-C1 240 MW (Yap=1, @y3=240)
Match H1-W 25 MW Gy =1, Qrwy =25
Match H2-W 200 MW O = 1. Qo =200
400 340 a15
HA Q M) J\‘ e {50
340 232.5 gt
H2 ) - 120
160
400 c1

100
250 —= (\5 c2
FIGURE 16.9 Network configuration for matches predicted from MILP
in Example 16.4.

Thus. there are different matches and changes in the heat loads below the pinch. The above
matches can be translated into the network configuration shown in Figure 16.10.

Finally, we could also salve the above MILP problem without partitioning into subnet-
works. In this case, the only change required in the formulation of Table 16.5 is that for each po-
tential match only one binary varjable is defined, and the logical conditions are written also for
each potential match. For example, the match H1-Cl1 is denoted by the binary y, . and its logical
condition is given by (see Figure 16.8):

O+ Q13 =220y, =0
If we solve the MILP with no pinch partitioning, we obtain the following five matches:
Match Steam—C1 60 MW

Match H1-C1 85 MW
Match HI1-C2 195 MW
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Match H2-C1 215 MW
Match H2-W 225 MW
Water
400 340 145
(M) M
H1 W, U 120
340 220 Vialer
H2 O 120
Steam l
360 160
400 () %20 C1
N W)
100
i (M
250 —= \_/ c2

FIGURE 16.10  Alternative network configuration for Example 16.4.

These results would suggest that we should be able to derive a network with only five
units. This is, in fact, possible if the match H1-C1 is placed across the pinch, has a driving force
equal to the temperature approach (20°C), and if we introduce bypass streams in the network
(see Wood et al., 1985). The configuration that has been derived manually for the above five
matches is shown in Figure 16.11. Note that the match HI-C1 would require a large area due to
its small driving force. It is of course not that trivial to derive manually a network like the one in
Figure 16.11. Can we possibly automate this procedure?

400 315

M) ()
H1 O 120
340 2325 Sgier
H2 M :
O 120
a0 I () 2e5 GE
St ) i
g (0.8438) 160
400 - c1
360 320 ao0 \/  (1.3438)
100
()
250 —= () c2

FIGURE 16.11 Five-unit network for Example 16.4.
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16.2.4 Automatic Derivation of Network Structures

In this section we will show how we can make use of the information provided by the
MILP transshipment model to automatically derive heat exchanger network configura-
tions (Floudas, Ciric, and Grossmann, 1986).

The basic idea here will be to postulate a superstructure for each stream that has the
following characteristics:

+ Each exchanger unit in the superstructure corresponds to a match predicted by the
MILP transshipment model (with or without pinch partitioning). Each exchanger
will also have as heat load the one predicted by the MILP.

« The superstructure will contain those stream interconnections among the units that
can potentially define all configurations with no stream splitting, with stream split-
ting and mixing, and with possible bypass streams. The stream interconnections
will be treated as unknowns that must be determined.

An example of such a superstructure is given in Figure 16.12 for the case of one hot
and two cold streams in which the two predicted matches are HI-C1 and H1-C2. Note
that in this superstructure stream H1 is split initially into two streams that are directed to
the two units. The outlets of these units are then also split into two streams: ope that is di-
rected to the inlet of the other unit, and one that is directed to the final mixing point.

By “deleting” some of the streams in the superstructure of Figure 16.12,we can eas-
ily verify that it has embedded all possible network configurations for the two matches.
As shown in Figure 16.13, we have embedded the following alternatives:

1. Units H1-C1, H1-C2 in series
2. Units H1-C2, H1-C1 in series

2
\j

FIGURE 16.12  Superstructure for matches H1-C1, HI-C2.
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H1 HL e
— c2
(a) (b)
— ¢
N
H1 L - e
N
.—U— c2
(c)
N i p—
H1 Hi - —
N N
._k):' C2 .-U— c2
(d) (e)

FIGURE 16.13  Alternatives embedded in the superstructure of Figure 16.12,

3. Units H1-C1, H1-C2 in parallel
4. Units H1-C1, H1-C2 in parallel with bypass to H1-C2
5. Units H1-C1, H1-C2 in parallel with bypass to HI-CI

Thus, in the network superstructure of Figure 16.12 we have embedded all possible

configurations for a two-unit network.

efore we consider the extension of the superstructure to an arbitrary number of

stream matches, let us see how we can model the superstructure in Figure 16.12 in order
to determine the network structure with minimum investment cost. First, we assign the
variables representing heat capacity flowrates (F, f), temperatures (7, 7), heat loads (Q),
and areas as shown in Figure 16.14. Note that the following variables are known:
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out in
f, E;
= (o3}
1 Q4 Fs
i - -
N T,
A
1 Fs
FTl'ﬂ Taur
HT @ — ‘;b
A
A12 F
F, F, T T 8
 EEIE BN )
= a - =
12 - 2 F,
rGUf r
2 2

FIGURE 16.14 Variables for superstructure with two matches.

+ For stream HI, the heat capacity flowrate F, and the inlet and outlet temperatures
'Tin’ Tout, >

+ For stream C1, the heat capacity flowrate f; and the inlet and outlet temperatures
Ill.n, r?ui'

« For stream C2, the heat capacity flowrate f5, and the inlet and oulet temperatures tin,

rgu,

« The heat loads Q,,, 0, as predicted by the MILP transshipment model.

The objective function representing the minimization of the investment cost will be
given by:

min C=c,aP, +c,al, (16.15)

where ¢;, ¢, P are cost parameters. We can express this objective function in terms of
temperatures by replacing the areas through the design equation Q = UALMTD for coun-
tercurrent heat exchangers. However, the LMTD function can lead to numerical difficul-
ties when the temperature differences 6,, 0,, at both ends are the same. Therefore, we re-
place the definition of the LMTD
LMTD = 9%
tn—= (16.16)
9,

by the Chen (1987) approximation LMTD = [6, 8, (0, + 6,)/2]'?



550

Synthesis of Heat Exchanger Networks

That 1s,
B
O

P

Chap. 16

B

min C=C, +C

1/3
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(16.17)

where U}, U, are the overall heat transfer coefficients for the two exchangers.
Thus, the constraints that apply to the superstructure are as follows (see Figure

16.1

1.

3y

Mass balance for initial splitter
Fi+F,=F
Mass and heat balances for mixers at inlet of two units
Fi+Fg—F3=0
FiT"+FyTq—F;T;=0
o+ Fo—F=0
FoTn+F Tg—F; T;=0
Mass balance for splitters at outlet of exchangers
Fi—Fg—F5=0
Fy—F;—Fg=0
Heat balances in exchangers
QO —F3(T3=T50) =0
Q12— Fy(Ty—Tp)=0
Definition temperature differences

9% =73 — 4"

1_ in
B3 =Tgg — £
07 =iy —~k5uE

2 in
02 =Ty —t3
Feasibility constraints for temperatures

1
el 2A Thin
ZAThun

2A T

min

(16.18)

(16.19)

(16.20)

(16.21)

(16.22)

(16.23)
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7. Nonnegativity conditions on the heat capacity flowrates
Fjz0 i=12,..8 (16.24)

The optimization problem defined by the objective function in Eq. (16.17) subject
to the constraints in Egs. (16.18) to (16.24) corresponds to a nonlinear programming prob-
lem that has as variables the flows Fj, J=12,.8, and the temperatures Ty, Ty, Tss, Tog.
Those flowrates that take a value of zero will then “delete” the streams that are not re-
quired in the superstructure.

It should be noted that the likelihood of multiple local optima in this problem is
somewhat reduced because the areas of the units cannot take a value of zero due to the
fixed heat loads. We may recall the example on selection of reactors in section 15.5 of
Chapter 15, where local solutions were mainly due to the deletion of the reactors.

The superstructure and its nonlinear programming formulation can be readily ex-
tended to the case of an arbitrary number of stream matches with the following procedure:

1. Develop a superstructure for any stream involving two or more matches according
to the following scheme:

a. Initial split where the streams are directed to all the units in that superstructure.
b. Outlet of units is split and mixed with the inlets of other units and with the final
mixing point. '

2. All stream superstructures are joined through an NLP formulation similar to Egs.
(16.17) to (16.23), having the heat loads predicted by the MILP transshipment
model Eqs. (16.12) to (16.14).

3. The resulting NLP is solved to obtain the optimal network configuration. This NLP
can be solved with a large-scale reduced gradient method (e.g., MINOS).

This strategy for automatic network synthesis has been implemented in the interac-
tive computer program MAGNETS, developed by Amy Ciric, as described by Floudas,
Ciric, and Grossmann (1986). The optimization of the minimum temperature approach
can be performed in an outer loop, and constraints on matches can be easily handled as
discussed in section 16.3. Figure 16.15 shows an example of a network configuration that
was automatically synthesized with MAGNETS for the data given in Table 16.6.

SIMULTANEOUS MINLP MODEL

While the sequential targeting and optimization approach presented in the previous sec-
tions has the advantage of decomposing the synthesis problem, it has the disadvantage
that the trade-offs between energy, number of units and area are not rigorously taken into
account. The reason for this is that the optimization problem:

min Total Cost = Area Cost + Fixed Cost Units + Utility Cost (16.25)

is being approximated by a problem that conceptually can be stated as follows:



