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Abstract

This paper addresses the problem of modeling and estimating the cost of the heat exchanger net-
work (HEN) in multi-period operation using pinch technique concepts. The developed method
improves the vertical heat exchanges technique originally proposed by Ahmad et al., by estimat-
ing the contribution of each stream to the overall HEN area instead of equally distributing the
area between the computed minimum number of exchangers. This method allows to consider
the available area for each stream and to manage the fact that some streams may not be active
during some particular periods of operation. The method proposed computes the near-optimal
AT nin/2 contribution, associated to the streams in each of the periods, from one single reference
value. This allows to reduce the number of decision variables to one, when computing the energy
saving/investment trade-off in thermo-economic optimisation models.
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1. Introduction

Composite curves are conventionally employed to compute the maximum energy re-
covery between hot and cold streams and to model the heat exchanger network (HEN)
[1] in process systems. In thermo-economic process design of energy conversion systems
[2,3], the HEN model based on composite curves computes the heat recovery and the
integration of the energy conversion devices in order to close the energy balance of the
system. This is done without having to consider and optimise the HEN layout. This
approach is particularly attractive when solving process design problems where the op-
erating conditions will result in different pinch points and in the potential selection of
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different integrated energy conversion technologies. In such superstructures, the Heat
Recovery Approach Temperature (HRAT or AT ,y,) is the decision variable that is used
to represent the trade-off between energy recovery efficiency and the required investment
in the heat transfer system. The HEN cost is conventionally estimated considering the
vertical heat exchanges in the balanced composite curves and assuming the minimum
number of connections calculated by applying the Graph theory. If the validity of the
HEN cost estimation using vertical exchange model has been analysed by Ahmad et al.[4],
there was a need to further study the model and extending it to account for varying heat
transfer conditions. We propose in this paper a method which extends the conventional
approach to the study of energy systems operating in multi-period conditions. We also
propose a mathematical relation allowing to obtain near-optimal AT,;, from one single
reference value and thus to reduce the number of degrees of freedom of the problem
formulation.

2. Background

Considering together the process and the utility system streams, the optimal flowrate
of the utility streams w will be computed by solving the transhipment MILP problem
originally proposed by Papoulias and Grossmann [5,6]. Equations (1)-(6) are an extended
version [7] taking into account the electricity produced by the utilities (E), sold (E;'” )

and purchased from the grid (E;nid). Two variables are therefore associated with any
utility technology w : the integer variables y,, represent the presence of the technology
in the optimal configuration and f,, represents its level of utilisation. ¢, 1, ¢y 2, c:l and c,
are constants used for the computation of the operating costs respectively of the utilities
and the electricity. The objective function is the operating cost (Cy). This formulation

can be easily extended to solve multi-period problems [7].
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The heat recovery and the optimal heat exchange between the hot and the cold streams
of a system is computed by solving the heat cascade (eq. 2). In order to estimate the HEN
investment cost, the overall heat exchange area is calculated considering the vertical heat
exchange between the hot and cold composite curves. Considering IN; vertical sections
defined by the slope change of the streams, the exchange area A; associated to the
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vertical sections j is computed by summing the contribution of all the streams i and
their respective heat transfer film coefficient ¢ ;, as shown in equation (7).

N; Ny O Nij
A=Y 45 = D=3 ) 7
j=1 j=1 Jo=1

In the conventional approach, the overall HEN cost is computed knowing the minimum
number of exchangers target Ngx min and assuming that the overall heat exchange area
Asor will be equally distributed among the heat exchangers (eq. 8). We propose a new
method accounting the contribution of each stream to the overall area, as shown later in
equation (19).

A o Chz
C*I - NHX,min |:aha: + bhw (]V—tt> :| (8)
HX ,min

To optimize the HEN layout, the annual cost of the system Cr,; is minimized, consid-
ering the annualized (7) investment cost and the annual operating cost (eq. 9) and by
searching for the optimal AT ,;, value.

1
CTot - ;CI + C(UT‘year (9)

The value of AT\, is obtained by summing the contribution of the hot and the cold
stream at the pinch points. The value of AT ,;,/2; being related to the heat transfer film
coefficient («;), the optimization of the exchange area A;,; should therefore be performed
by considering each AT, /2; as decision variable. This optimisation is however difficult
to solve since only the AT ;,/2; of the streams creating the pinch points really influence
the objective function. Townsend et al.. [8] suggested relation (10), that links AT iy, /2;
with the corresponding film transfer coefficient a; where K constant can be derived from
a reference state, which is defined by AT'yin/2,.; and ay.cy. The optimization of the HEN
cost can then be simplified by using K as the only decision variable.

ATmin/Qi NG = K (10)
3. Optimal AT,,;, estimation for steady-state conditions

The formulation of Townsend et al.. was established considering a linear cost of the heat
exchangers. For non-linear cost functions (eq. 8), we propose to replace the K constant
with a more complex relation. Let us analyse the definition of the AT ;, calculation for
one single heat exchanger as described on figure 1(a). The heat exchanged between the
hot and cold stream is defined in equation (11).

Q if both streams change phase
Q(ATwmin) = { 1cp n (Thyi — (Teyi + ATwmin))  if 1icyn < 1iicy e (11)
meph(Te,o + AT min — Tho)  otherwise

According to the relative value of the specific heat of the two streams, the logarithmic
mean temperature difference is computed as equation (12).
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ATmin/zh + ATmin/zc = ATpin if T'ncp,h = mcp,c

— Thi—Teo)— Tho—T.; .
ATin = (T, 72 _ (Th’ i) otherwise (12)
l h,i—Lc,o
Tho—Te,;

Considering c.,, and cp,, the unitary price of the hot and cold utilities, the cost (eq.
13) to be minimised can be expressed as a function of the heat exchanged. Parameters
Qhg, bne and cp, are the cost estimation constants, T)ycqr is the yearly working time and
7 is the annualisation factor.

. Chax
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The optimal value of AT, is obtained by solving equation (14).
Crot  _ 0 (14)
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(a) Single heat exchanger defini- (b) Results of the problem optimization.
tion.

Figure 1. Heat exchanger definition and optimization results.

Assuming that AT 072, = AT win/2, = ATQmi“ and that the optimal value of AT iy /2,5

has been found for a given reference stream with given heat transfer coefficient (ccys),
the optimality condition (eq. (14)) will be used to compute the value of AT i, /2; for any
stream ¢ knowing the value of its heat transfer coefficient «;.

When considering a heat exchanger that operates with a temperature difference equal
to AT 1in during all the heat exchange (i.e. the two streams involved in the heat exchange
have the same specific heat and AT}, = AT i, equation (14) simplifies into equation
(15).

Cha—1
. o, - - . Jo. Chatl Cha
A,Tmln/Qz _ (Th,z Tc,z 2A:rmm/%) h (aref )ﬁ (15)
AT wmin/2pef (Th,i — Tei — 2AT min/2;e5) Q;
In this case, when T, ; — Te. i > ATwin/2; and Ty ; — Te s > AT min/2,, equation (15)
is simplified to equation (16).

Qe Chx

AT’min/Qi = AT'min/2'ref . (7) Cha (16)
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When the investment cost function (eq. 8) is linear (i.e. cpy = 1), the relation given
by equation (16) is identical to the one presented by Townsend et. al (eq. 10).

In the situation where the cold stream evaporates and the hot stream condenses, the
energy saving does not continuously depend on the value of AT ,;,. The exchange is
either acceptable or not if the annual investment cost is higher than the energy saving
benefit. However, if a reference AT ;,/2,.. ¢ is known, the dependence of the heat transfer
coefficient remains given by equation (16).

4. Extension to multi-period operation

Applying the heat cascade model in multi-period situations reveals another difficulty
since the value of the AT, /2; should be updated to represent the fact that the available
area is constant for all the N, periods even if the operating conditions of the streams are
changing. To do so, a reference area A, ;, ., will be attributed to each stream. Assuming
the more constrained situation where the stream is exchanging with a stream of similar
temperature variation and heat transfer coefficient, equation (17) will be used to establish
the relation between the AT ip /2; p in any period p by comparison with the AT i, /2 pre;s
computed for the attributed area A in the reference period.

ivpref
s . . a ’ . . a
Aip=Aipy = pomip Oin__ Qiies Qires t
4. ATmin/Qi,p 4. ATmin/Qi,pref
As given in equation (16), AT'win/2;,, . can be computed from a global reference
AT'win/2ref p,,. ;- Equation (17) can then be rearranged into equation (18).
. Chx
Q', : a-’ re a f? e Chz+l
AToins,, = S St Np iy (G (18)
iprey " Qiyp Qiypres

In order to estimate the HEN cost, all the streams appearing in the problem formulation
must be taken into account. Eq. (7) must be adapted to account for streams that would
be active only in some periods. We consider therefore a contribution of each stream to the
total area and, at the same time, a contribution to the HEN overall investment cost. This
can be deduced again from the analysis of the heat exchanger with identical temperature
variations. In this case, the investment cost (Cy) is the sum of the contribution of the
costs of the hot and the cold streams. Assuming that both streams have the same heat
transfer coeflicient a; half of the exchanger price will be attributed to each stream. We
obtain then equation (19) which defines the cost attributed to a given stream i. In this
equation, Q; j, is the heat load of stream i in the vertical section j of period p.

N; a Nj.p Q e
h,. _ '7 "
Cr=>""% 4 py, -2 [ max S L5 (19)
2 PE{1lNp} =] Qip ATim.jp

i
5. Application

In order to demonstrate the method, we applied it to the problem 1 of Floudas et al..
[9]- This simple problem presents two hot and two cold streams and three periods of
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operation. Figure 1(b) reports the results of two multi-objective optimizations realised

using an evolutionary algorithm. The figure represent the energy savings/investment

trade-off by two objective functions: the HEN investment cost and the operating cost of

the utilities.

auto refers to the calculation where the only decision variable is AT /2
where the other AT ,;,/2 have been computed using equation (18).

single refers to the optimization where all the ATmin/ziyp are considered as decision
variables. This generates a variable per stream and per period. Only evolutionary
algorithms are efficient to solve such problems, since only AT ;,/2; ,, involved in pinch
points are really influencing the objective functions.

The two Pareto frontiers do coincide, which demonstrates the validity of the approach.

"'efapref and

6. Conclusions

A method to estimate the HEN area and cost has been proposed to solve multi-period
problems using pinch techniques. The method includes a technique allowing to estimate
a near-optimal AT /2 contribution of all the streams of the problem as a function of
the operating conditions in the different periods of operation. This technique requires a
reference state where the optimal relationship between AT wyin/2,.¢ and a;cp is known.
This modelling method will be used to model HEN in thermo-economic design of energy
conversion systems.
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