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Abstract

A thermal integration method has been used by Framatome-ANP since 2001 in order to optimize thermodynamic cycles (cogene
combined cycles) coupled to new nuclear high temperature reactors. This method allows the design of complex thermodynamic c
comply to a large number of industrial constraints, without any a priori assumption on the structure of the internal heat exchanger netw

This paper briefly recalls the principles of the method and shows how accurate and rigorous exergy analyses can be carried out qu
an industrial context. It details on an example how industrial constraints and thermodynamical considerations interact to lead to an op
structure and settings. The efficiencies obtained are presented and discussed. In particular we discuss what we mean by optimal desig
that this method is well suited to build optimal complex heat exchanger networks. The differences with other methods like the thermo
ones are also briefly discussed.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Although a large number of thermal science researchers
teachers have now adopted exergy analyses, there is but
engineers in industry who have done so. The main reaso
that there is a lack of appropriate tools to assist them in pu
theory into practice.

In this paper we shall present how a tool such as the T
moptim software (www.thermoptim.com) can be used in
industrial context in order to design high efficiency combin
cycle and cogeneration plants coupled to new nuclear H
Temperature Reactors (HTR).

A partnership has been set up in 2002 between Framat
ANP and Armines—Ecole des Mines de Paris, in which
research group built the initial models which were subseque
used and modified by the industrialist in order to fit its requ
ments.

* Corresponding author. Tel.: +(33) 1 40 51 91 12; fax: +(33) 1 46 34 24
E-mail address: jerome.gosset@ensmp.fr (J. Gosset).
1290-0729/$ – see front matter 2005 Elsevier SAS. All rights reserved.
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The paper will show how accurate and rigorous exe
analyses can be carried out quite easily thanks to the the
integration tools provided by softwares like Thermoptim.

2. HTR nuclear reactors and thermodynamic cycles

The Framatome-ANP HTR design [1] will support the e
panding worldwide demand for safe, economic and envir
mentally responsible electricity production. This nuclear h
source product family is an evolution of the Gas Turbine
Modular Helium Reactor (GT-MHR) conceptual design t
was developed, with Framatome-ANP participation, for
US/Russian Plutonium Disposition Program. The GT-MHR
plies the block-type prismatic core design, in which the coa
particle fuel, a common feature of many HTRs, is contai
within prismatic graphite blocks that are arranged to form
annular core geometry. The 102 column, 10 block high ac
core utilizes a once-through low enriched uranium fuel cy
and operates in the epithermal neutron spectrum. The co
sized to produce 600 MW of thermal power, with a core ou
temperature up to 1000◦C for electricity generation. Helium i

www.thermoptim.com
www.thermoptim.com
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Nomenclature

Q heat flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
FS steam flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
FG gas flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
τ mechanical power . . . . . . . . . . . . . . . . . . . . . . . . . kW
Tk source temperature . . . . . . . . . . . . . . . . . . . . . . . . . . K
�H enthalpy flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
�Xh exergy flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
�Xhi irreversibility flow . . . . . . . . . . . . . . . . . . . . . . . . kW
�Xq = (1− T0/Tk)Q heat-exergy flow . . . . . . . . . . kW

ṁ mass flow rate . . . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

Cc
p cold fluid heat capacity . . . . . . . . . . . . . . . . kJ·kg−1

Ch
p hot fluid heat capacity . . . . . . . . . . . . . . . . . kJ·kg−1

CFDC Carnot Factor Difference Curve
GT-MHR Gas Turbine—Modular Helium Reactor
HEX Heat EXchangers
HRSG Heat Recovery Steam Generator
HTR High Temperature Reactor
IHX Intermediate Heat eXchanger
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used as the primary heat transport medium. The thermal p
produced in the core is transferred to a secondary loop vi
intermediate heat exchanger (IHX), where it is used to drive
application of interest.

The IHX comprises multiple modules of a compact h
exchanger design that is optimized for high effectiveness
minimum approach temperatures, while providing high relia
ity and maintainability. Compact heat exchangers of the ty
being considered for the IHX are typically designed with an
fectiveness ranging from 90% for standard installations to 9
for more aggressive designs. The IHX is sized for an effect
ness of 92% to achieve a 50◦C approach temperature.

On the basis of this HTR design, the thermodynamic pr
lem can be stated as follows: how is it possible to conceiv
thermodynamic cycle which would supply the largest powe

Multiple solutions exist, but there are technological c
straints at the level of the machines. For example, as sh
in Fig. 1, some quite simple gas cycles have very good effic
cies, but the development of economical turbomachines
require 10–20 years, because the working fluid is helium
very few helium compressor or turbines have been built.
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Another solution, the one which was selected by Framato
ANP, is to use an available technology and to adapt it.
most experience gained today at industrial level with comp
sors and turbines corresponds to air gas turbines, the w
ing fluid selected by Framatome-ANP is an air-like mixtu
of about 80% nitrogen and 20% helium, coupled to a ste
cycle, leading to combined or cogeneration cycles. Altho
this second solution is theoretically less efficient than
first one, it is practically much better as it allows to des
new machines which can be built in a few months instea
years. Furthermore, the costs are largely reduced by the
of conventional air-based gas-turbine technology and a
ries effect. Therefore, in Framatome-ANP HTR design,
nuclear heat source is coupled via an IHX to a second
loop combined cycle (Brayton plus Rankine) Power Gen
tion System. The secondary Brayton Cycle employs a wor
fluid that has nitrogen as its principal constituent. The Ra
ine bottoming cycle is also based on conventional tech
ogy.

As a result, the Framatome-ANP HTR nuclear heat sou
incorporates several important innovative departures from
Fig. 1. Example of a HTR gas cycle.
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predecessor GT-MHR design. The most significant differe
is the use of an indirect combined cycle design for electri
generation, rather than the direct cycle used in the GT-M
design. The second key difference is the selection of a red
reactor inlet temperature, relative to that of the GT-MHR.

The indirect cycle offers several advantages. First and f
most, it allows a common heat source to be used for b
electricity generation and cogeneration and minimizes the c
plexity and risk associated with the nuclear part of the cycle

The second major advantage offered by the indirect c
design is the freedom to select a secondary coolant other
helium. As has already been said, the Framatome-ANP
sign for electricity generation uses a mixture of nitrogen
helium with properties similar to air as the secondary heat tr
port fluid. This mixture allows the use of modified gas-turb
technology, including the same design techniques, mate
and testing facilities used for conventional air-breathing g
turbines.

The third major advantage of the indirect cycle design is
facilitate the use of a Rankine bottoming cycle to improve
cle efficiency. It is relatively straightforward to make the HT
a combined cycle generating plant by adding a steam
erator and turbine system to the secondary loop gas-tur
system. This is provided for in conventional natural gas-fi
Combined Cycle Gas-Turbines where this technology is w
established. This provides the potential to push the plant
ciency above what is normally expected from high tempera
gas-cooled reactors and to reduce the cost of the generated
trical power.

The selection of a reduced reactor inlet temperature en
several advantages. The temperatures seen by the reactor
are lower. With reduced inlet temperature, the flow rate and
culator power are lower and a reduction in the primary pres
becomes practical as a trade-off. The lower system pres
translates to a reduced vessel wall thickness, which has si
icant fabrication and cost advantages. In addition, the the
energy stored in the core is reduced, thus enhancing passiv
cay heat removal during certain transients.

In conclusion, it appears that the best technological solu
to convert the thermal output of the HTR into electric pow
or heat is to use a combined cycle or cogeneration plant, m
ing use of two sub-systems, a topping He+N2 gas turbine cycle
working between about 800◦C and 320◦C and a bottoming wa
ter vapor cycle.

However, the thermal integration of such a cycle is qu
difficult: it supposes to minimize internal irreversibilities b
tween first the nuclear core thermal fluid and the topping c
thermodynamic fluid, and second the gas turbine heat reje
and the water vapor cycle. The thermal integration method
sented below allows to do that, leading, in combined cycle
an overall gross efficiency slightly higher than 50%.

As we have mentioned, the heat exchangers (HEX)
work design must be made under several industrial constra
Therefore the thermal integration method employed mus
able to take them into account, as they reduce the parame
space to be explored. We shall show how each constraint i
troduced and how it affects the resulting HEX network.
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3. What do we mean by design optimization

There is currently a large amount of studies dedicated to
optimization of energy cogeneration plants, but to our kno
edge very few have been addressing that of cogeneration p
coupled to nuclear reactors.

We do not intend to make a comprehensive review of
optimization methods which are used: most of them start fro
given plant structure and try to find an optimal set of parame
whereas the one we have selected makes but a few assum
on that structure.

Some of the methods, in particular those which are par
what is known as thermoeconomy, try to optimize not o
the technical ratings, but also the economic costs [2–5]. In
case, such an attempt is premature: as was already disc
in the previous section, the industrial constraints taken into
count have indeed a bearing on numerous parameters,
as the possibility to adapt existing technology. At this sta
although these constraints reflect some cost driven consi
tions, it would be quite impossible to include them in an e
nomic model.

Besides, more and more, optimization models try to incl
not only full load by also part load operation in order to ta
profit of the hourly variation of energy prices in a deregula
market [6]. Here we have also deemed it premature to s
ify the load curves and economic costs which would have b
necessary to implement such optimization methods.

This is why the method that was selected by the indu
alist limits itself to the choice, under some given indust
constraints, of the structure and the selection of the best s
parameters from a thermodynamical standpoint. The app
tion of a thermoeconomic method to this structure in orde
optimize its costs could be considered as a further step in
design process.

4. Thermal integration method

Most energy conversion technologies can be described
relatively small number of primitive types which can be cal
lated independently, except for heat exchangers. This is
a thermal integration method putting a special emphasis
heat exchanger networks is particularly required. The me
implemented in Thermoptim is a variant of Linnhoff’s pin
method [7] which allows to distinguish between systemic
component irreversibilities. As it is common in heat recov
problems that a single main hot fluid should be exchanging
with several cold fluids, the method assists the user in the
exchanger design and fluid matching.

The method has been initially developed in the field of che
ical engineering, where it is called process integration, wi
view to optimize large heat exchanger networks. Although t
obviously must interface with the process simulation tools, s
methods are usually separated from them. In the field of
ergy conversion however, finding an optimum solution of
requires to simultaneously modify the system architecture
the component parameters. An integrated environment w
the simulation functions and the integration method are de
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interconnected is therefore recommended, especially in a
dustrial context.

Complex energy systems can bring into play a rather la
number of fluids which exchange heat between them, s
being heated, the others being cooled. The pairing of th
fluids can generally be made in many different manners,
the choice of the best architecture may be far from intuit
However this choice has a direct incidence on the internal
versibilities of the system considered and thus on its efficie
it is by maximizing internal regeneration that one obtains
best performances.

To find an efficient heat exchanger configuration, therma
tegration appears today among the most powerful methods
has in particular the advantage of providing guidance which
inforce the physical direction of the analyst whereas the pu
automatic methods do not.

But their principal asset is as follows: it is only after havi
minimized the exergy destruction of the studied system that
defines the exchanger network architecture. To optimize
transfer, knowing which fluids are brought into play is su
cient, it is not necessary to make a priori assumptions on
they are paired. This last characteristic is fundamental; it c
siderably simplifies the thermal integration process, as one
further see.

On the practical level, the implementation of the method
be broken up into two main steps.

The first step consists in describing the system without m
ing a priori assumptions on pairings among the exchangers
speaks of nonconstrained system), and seeking to maximiz
energy recovered (operating capacity, cogenerated powe. . .)
by making sure, thanks to the thermal integration algorith
that there is no temperature incompatibility. The iterative p
cedure consists in varying the key parameters of the sy
(flows, temperatures, pressures) and optimizing their pe
mances, while checking by the pinch method that one d
not introduce additional high temperature heat needs and
one minimizes the rejections at low temperature. The dist
tion between the component irreversibilities (specific of th
own operation) and the systemic irreversibilities (related to
architecture of the system) makes it possible to know the a
able degrees of freedom. It is during this phase that iterat
between the people in charge of optimization and those who
sign the processes take place. One of the interests of the m
is that constantly, it is possible to have an idea of the stake
n-
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sociated with optimization and the limits which one can rea
in particular thanks to the traditional graphic tools of therm
integration [7], as well as the Carnot Factor Difference Cu
[8,9], well adapted to this type of problems.

The second step, once the system irreversibilities have
minimized, consists in seeking a compatible configuration
heat exchangers, the thermal integration method guarantee
there is one. This is done by pairing the existing fluid flows ju
ciously and by dividing (in series or parallel) those which m
be. One gradually defines the network, by carrying out the p
ing of the fluids starting from the most constrained zones,
pinches. During this step, it may happen that technologica
economic constraints require to choose an exchanger net
configuration different from that which would make it possib
to reach the optimal performances.

The theoretical bases on which it is founded call upon
theory of exergy and irreversibilities. The reader should r
to the papers given in reference [7–12]. We will just recall h
the expression of the exergy dissipation flow that is used to d
exergy balances like in Tables 1 and 2:

�Xhi = τ − �Xh + �Xq (1)

For internal heat exchanges for regeneration, the exergy d
pation flow of two paired HEX is given by:

�Xhi = �X1
h + �X2

h (2)

This optimization method is dedicated to complex syste
with a large number of heat exchanges, the overall behavi
the system being governed by nonlinear functions of the de
parameters. Typically, a heat recovery steam generator (HR
such as those used to generate steam in combined cycle
good example of a complex system for which an efficient l
out can be systematically designed thanks to this method.
HRSG, steam is produced at 2 to 4 pressure levels, which
be freely chosen within certain limits. The steam properties
strongly nonlinear functions of temperature and pressure
steam flow rates may vary depending on the operating co
tions, and the heat exchangers matching possibilities are nu
ous. Furthermore, whereas classical boilers are stack contr
and therefore do not require in depth optimization, combi
cycle HRSGs are pinch controlled, so that designing an
cient HEX network requires to take into account at the sa
time the steam cycle and the heat exchange with the flue g
%

Table 1
Exergy balance of the combined cycle

Processes �H �Xh τ Q Tk �Xq �Xhi % losses

IHX 600 005 382 677 600 005 1123 446 070 63 394 31.0%
Gas turbine and compressor −76619 −88624 −76619 12 005 5.9%
HEX Gas-Steam 523 385 262 060 523 385 95 082 46.5
Steam turbine and pump −228085 −247423 −228085 19 338 9.5%
Condenser −295306 −14637 −295306 288 0 14 637 7.2%

Total −304705 304 699 446 070 204 455 100%
Mechanical Energy efficiency (%) 50.78
Total Energy efficiency (%) 50.78
Exergy efficiency (%) 54.17
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%

%

Table 2
Exergy balance of the cogeneration and combined cycle

Processes �H �Xh τ Q Tk �Xq �Xhi % losses

IHX 600 000 382 775 600 000 1123 446 066 63 292 48.5
Gas turbine and compressor −76551 −88584 −76551 12033 9.2%
HEX Gas-Steam 523 448 262 193 523 448 31 998 24.5
HEX Steam-Cogen 298 502 139 512 298 502 8442 6.5%
Steam turbine and pump −98027 −106340 −98027 8313 6.4%
Condenser −126920 −6291 −126920 288 0 6291 4.8%
Cogeneration pump 1498 1426 1498 73 0.1%

Total −173080 446 066 130 441 100%
Mechanical Energy efficiency (%) 28.85
Total Energy efficiency (%) 78.85
Exergy efficiency (%) 70.76
b
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5. Dealing with industrial constraints

As was explained before, the design method adopted
Framatome-ANP is to study new HTR thermodynamic cyc
with high efficiency using conventional technology (air a
steam turbines). Besides, to control costs, the designed c
must use standard components (turbines, compressors, pu
with standard outlet and inlet pressure and temperature lev

These are far reaching choices as they set or restrain a
parameters, and limit the set of possible layouts for the sys
Among the set parameters are:

• the gas composition, with a nitrogen content close to ai
• the steam cycle (Rankine), a classical cycle is chosen,
• the isentropic efficiencies of turbines, compressors

pumps, as conventional technology is used,
• the main temperatures and pressures defining the ga

steam cycles (turbines inlet and outlet, IHX inlet and o
let), because standard components are to be used or be
it is desired not to modify the inlet and outlet temperatu
of the nuclear reactor. Some of these parameters can
slightly as far as they remain in the tuning range of the c
ventional components.

Furthermore, as different thermodynamic cycles are con
ered, gas cycle, combined cycle, combined and cogener
cycle, it is an industrial requirement that they be compatibl
order to reduce development costs and not to have to defi
complete line of products with different levels of complexi
efficiency, and outputs (electricity, steam). This implies that
design of the combined cycle does not modify the IHX pa
meters, and that the design of the cogeneration and comb
cycle does not modify the coupling between the gas and s
power cycle. Therefore the coupling of the cogeneration lin
to be made with the steam cycle only and the branchings m
be made between existing components (turbines, HEX, pum
This reduces to a few the possible temperatures at which s
can be taken from the power cycle to produce cogenera
steam, the flow rates taken can however be chosen at will.

In designing the combined cycle, the problem is to find
efficient way to couple the gas and power steam cycles to
ize the general layout sketched on Fig. 2 with the best pos
y

es
ps)
.
of
.

d

nd

use

ry
-

-
n

a

-
ed
m
s
st
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m
n

l-
le

efficiency. As we chose to use standard components and R
ine Cycle, we started the thermal integration process with
situation depicted on Fig. 3. The upper cycle is the gas cy
the lower one being the power steam cycle. The two cycles
completely defined in terms of temperature and pressure
els, the problem is to divide the “GT ex” process in order
optimize heat transfer between the two cycles.

The first step of the procedure consists in balancing the
thalpy exchanges within the system. Once the gas flow rateFG

has been set so that the power transferred in the IHX is equ
the nuclear one, for example 600 MWth, we then need to
by iterative tests the maximal steam flow rateFS that can be
heated with the heat available from the gas flow rate after
pansion. This will ensure that no other heat source is nee
to power the steam cycle, but in general some low tempera
gas heat will not be used and would have to be dispose
This disposal clearly has a negative impact on efficiency as
ergy is going directly from the hot source to the cold sink a
can be seen on Fig. 4 where the horizontal segment on the l
left represents the fictitious heat need added by Thermopti
balance the heat availability.

It is the existence of the pinch point (see Fig. 4) that sets
upper limit onFS . It is necessary to shift up slightly the h
composite curve in order to be able to enlarge the tempera
difference at the pinch point and give a margin that will be u
to raiseFS up to the point where all the available enthalpy
transferred from the gas to the steam. Several parameter
be varied to this aim, and one has to take into account in
trial constraints to make a choice. For example, we did
choose to raise the compressor inlet temperature becaus
is strongly limited by the maximum IHX inlet temperature r
quirement. Instead we chose to raise the low gas pressure
may be acceptable within certain limits if this does not ind
a modification of the gas turbine and compressor. By rais
this pressure, the heating of the gas during compression
be less important and higher compressor inlet temperatur
compatible with the maximum compressor inlet temperature
quirement. Note that an adjustment ofFG may be needed t
maintain constant power in the IHX if its inlet temperature
modified. As less work is extracted from the gas during exp
sion, the gas is hotter at the outlet of the turbine also, there
this low gas pressure modification shifts the whole hot comp
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Fig. 2. Layout of the cycle.

Fig. 3. Start of the optimization process.
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Fig. 4. Composite curves with enthalpy needs satisfied but with a wasteful discard.

Fig. 5. Composite curves with satisfied needs and no discard.
me
s t

rst
t is

ught
ne
com-
e, so
d on
his
ite curve upwards and allows for a raise ofFS . Fig. 5 gives an
example of a completely balanced cycle.

Once the enthalpy balance has be obtained, the require
for the highest possible efficiency has been addressed a
pinch is minimized and no enthalpy is wasted.

The design of the HEX network is done by studying fi
the pinch point zone [6, vol. 2, Chapter 12]. The pinch poin
characterized by the following conditions [6]:
nt
he

∑
ṁCh

p �
∑

ṁCc
p in the exothermic zone

∑
ṁCh

p �
∑

ṁCc
p in the endothermic zone

so heat must be brought in the endothermic zone, and bro
out only in the exothermic one. This rule will be violated if o
process (or more) crosses the pinch. It happens that in our
bined cycle some heat is taken from the endothermic zon
we had to split the processes concerned in two, as indicate
Fig. 6, to prevent heat transfers through the pinch point. T
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Fig. 6. Process splitting.

Fig. 7. Cogeneration part of the system.

Fig. 8. Cold composite curve for cogeneration.
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splitting allows to realize in practice the thermal integration
tained and shown on Fig. 5.

Let us now turn to the design of the combined and coge
ation cycle. As we mentioned earlier, we want to integrate
cogeneration line in the Combined cycle HEX network we j
obtained, in order to satisfy some of the industrials constra
described above.

Let us first notice, as can be seen on Fig. 5, that h
system irreversibilities remain in the exothermic zone, for
combined cycle. To improve this situation, there is only o
way: creating new low temperature needs. This can be don
adding a second steam cycle to the system, a low pressure
This would certainly make the heat exchanger network m
complex, but might be interesting in some cases. Another
of increasing the low temperature enthalpy needs can be to
duce water steam in a cogeneration process. So the indu
objective of designing an HTR with an optional cogenerat
line join up with improving efficiency.

Note that we can define for the combined and cogenera
cycle three kind of composite curves: global, cycle and cog
eration. The first ones are the composite curves of the w
r-
e
t
s

e

y
ne.
e
y
o-
ial

n
-

le

system, taking into account all the fluids that are heating
cooling in the system (except the IHX and the condenser
which the enthalpy is to be taken from or given to an ex
nal body). The second ones are the composite curves obt
when the enthalpy needs and availabilities considered are
those involved in the processes located on the water and
power cycle. The last kind of composite curves are those o
processes involved in the cogeneration only: those show
Fig. 5, and those to be added on the vapor cycle where w
will be cooled.

In our case, the cogeneration part of the system can be
ulated as is presented on Fig. 7. A water pump compre
the water to the pressure corresponding to the desired sa
tion temperature. Then two HEX heat and vaporize the w
flow. The water vapor production rate is given, therefore
additional enthalpy needs are entirely defined, that mean
cogeneration cold composite curve too. Its shape is sketche
Fig. 8.

Recall that these needs are to be satisfied by taking th
thalpy on the power steam cycle, by withdrawing some stea
some water at certain points between components and putt
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Fig. 9. Cogeneration composite curves.
Fig. 10. Cycle composite curves.
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back at others. This is the industrial constraint, which does le
free the choice of the flow rates withdrawn and the exact lo
tions. In other words, this time the cogeneration hot compo
curve is not predetermined but can be built to a large ex
at will. Note that this is quite different from the combined c
cle design where the two composite curves were predeterm
and could only be slightly adjusted to match as well as po
ble.

The points where water is withdrawn from the power ste
cycle are chosen so that the cogeneration hot composite c
parallels the cold one as much as can be. This defines the
e
-
e
t

d
i-

ve
w

components in the HEX network. The flow rates control
slopes of the cooling processes, so they are set by minim
the surfaces between the cogeneration composite curves.
shows the hot cogeneration composite curves that could be
in our case compared to the cold one.

The main flow rate on the steam power cycle has to be
duced to balance the enthalpy flows in the whole system.
result, we obtain a layout for the combined and cogenera
cycle, which has high efficiency. The composite curves of
combined cycle can then be sketched, see Fig. 10. The g
composite curves (for the whole system) are shown on Fig
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Fig. 11. Global composite curves.
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The high level of efficiencies of these two layouts is reflec
in the Exergy balances of the systems given in Tables 1 an
the environment temperatureT0 being set to 15◦C.

The overall irreversibilities for the combined and cogene
tion cycles are the following: about 48% for the IHX, 24% f
the heat exchanger network between the gas and steam c
7% for the heat exchanger network between the steam cycle
the cogeneration line, 17% for the turbomachines, and 5%
the condenser. Those numbers confirm that irreversibilities
sociated to the heat transfer between the gas and steam c
have been reduced in the second case. On the whole the
reduced, so the irreversibilities in the IHX grow relatively to t
others.

Throughout this thermal integration procedure, the an
sis of the composite curves and their respective positions
been the visual guide that oriented the design steps: it indic
which composite curve characteristics was to be improved.
is a valuable tool for discussing the possible degrees of free
and the industrial constraints that might be reconsidered.

6. Conclusion

The thermal integration method used with the help of Th
moptim is a powerful tool to guide the designer through co
plex optimization processes. The graphical and intuitive he
gives is appreciable.

This method helps identifying the reasons why efficien
losses are made in the system, and leave it to the design
choose the improving solutions. Then coupled to the Fra
tome-ANP approach that reduces the number of potentia
lutions to be explored it is a very efficient combination th
enables high performance and readily constructible solution
be systematically designed. It has been shown that this me
2,

-

es,
nd
r

s-
les
are

-
s
d

is
m

-
-
it

to
-
-

to
od

is well suited to go back and forth between the industrial c
straints and the thermodynamic optimization algorithms.

It must be noted that the solution obtained can be qual
as optimal, in the sense that as the physical sense of th
signer was guided by the method, there are but a few cha
that exists a far better solution with the given set of indust
constraints. It is also interesting to note that this optimal s
tion is built during the process. The approach is very differ
from others like the thermoeconomic one where one or sev
layouts are given and an optimization algorithm is applied
find the set of parameters that maximize a given criterion,
kWh cost. The use of the thermal integration or pinch met
is somehow a preliminary step to the use of the thermo
nomic one: it is intended to design potentially interesting str
tures and settings for complex thermodynamic cycles, be
cost studies may be undertaken with the thermoeconomic
proach [13].

This article gives an example of the industrial applicat
of the pinch method with the help of the Thermoptim softw
that takes care of all the computation burden. Without a s
ware tool to carry out the exergy optimization procedure,
would be a very cumbersome task, and would deviate the f
of the designer from the solutions to improve the system.
therefore important for such elaborated and powerful thermo
namical methods to be useful in the industry that be develo
user-friendly operational software tools, gathering the scien
knowledge and making it easily applicable.
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