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6ZET 

Bu ~al~§mada, optimal ~s~ degi§tirici §ebekelerin tasar~m1n~ ger~ekle§­

tiren iki bilgisayar program1 sunulmu§tur. HEXNET ve DESIGN ad~ verilen 

buprogramlarda en son geli§tirilen yontem olan Bogum Noktas~ teknigi 

kullan~lm1§t~r. Is~ integrasyonu yontemlerinin tarihsel geli§imini vur­

gulamak amac~yla, Bogum Noktas~ tekniginden once geli§tirilmi§ metodlar 

detaylar~yla a~~klanm1§t~r. 

Yeni geli§tirilen yontemlerin ge~erliliginin s~nanmas~nda yogun olarak 

kullan~lan problemler, bu ~al~§mada da ~5zulmu§ ve uygun sonu~lar elde 

edilmi§tir. 

Haz~rlanan programlar~n, endustrinin gereksinimlerine uygun olarak na­

s~l geli§tirilebilecegi a~~klanm1§t~r. 
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ABSTRACT 

In this work. computer programs, HEXNET and DESIGN, 

which are developed to perform the synthesis of optimal 

heat exchanger networks are presented. Most recently 

developed method, namely, the Pinch Technique is utilised 

for the preparation of these programs. A detailed 

outline of the previous methods is also included to 

emphasize the progress of the heat integration 

techniques. 

Sample problems that have been widely used to prove 

the efficiency of a new method are solved by HEXNET and 

DESIGN. The resulting networks are in good agreement with 

the optimal structures. 

Finally, recommendations are made to improve the 

compatibility of the programs with the needs of industry. 
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CHAPTER I 

INTRODUCTION 

Process synthesis is the step in design where the 

chemical engineer selects the component parts and how to 

interconnect them to create his flowsheet. 

Engineers have been directed to better designs by the 

energy crisis experienced throughout the world in the 

early 1970s.The aim has become not only to save 

investment cost but also to use energy as efficiently as 

possible.So, the synthesis of opt.imal heat exchanger 

net.works has become a major subject in this field. 

The problem t.o be considered in t.his work has been 

first. stated by Masso and Rudd [lJ.Later on, it has been 

redefined and formulat.ed by many authors according to the 

manner how they attack to the problem.A general 

description can be given as follows. 

M hot. streamsSM~ (i=1,2, ..... ,M) to be cooled and N 

cold streams Scj (j=1,2 i ••••• ,N) to be heated are brought 

into contact in count.ercurrent shell and tube heat 

exchange: rs in such an order that they are carried from 

specified supply t.o specified target t.emperatures while 

the 

heat. 

total cost 

capacity 

of the net.work. stays at. its minimum.The 

flow rat.es and the heat t.ransfer 
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coefficients of those streams are also given.Heat 

capacity flow rate of a stream is the product of its heat 

capacity and the mass flow rate.The terclperature effect on 

heat capacity is usually ignored, but most algorithms can 

be easily modified to overcome this ass4mption.Effective 

heat transfer coefficients for all exchangers are assumed 

to be constant by some of the algorithms while some 

others use stream/stream match dependent coefficierits. 

Heat of vaporization, temperature and cost of steam, 

input and maximum allowable outlet temperatures of 

cooling water are the specifications of the utility 

streams SuI< (k=1,2, .. ~ .. ,P) which are employed in 

auxilary heating and cooling.Here, it should be noted 

that the flow rates of these streams are not 

and typically not limitted. 

specified 

Minimum allowable approach temperature (from now on, 

will be symbolized by /]; Trn:l. n ) is generally assumed to be 

constant throughout the network.But, as in the 

heat transfer coefficients, some algorithms 

adapted to cover this case i.e. 

case of 

can be 

"match-

dependent" and is not just a global value. This can be 

achieved by assigning /];Trn:l.r. "contributions" to streams. 

Finally, 

calculate 

annual rate of 

the investment 

return, a correlation to 

cost of an exchanger and 

equipment down time per year should be defined. 

The above specifications for a heat exchanger network 

synthesis problem corresponds to the information 

typically available ftom a process flowsheet which has 
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not as yet been heat integrated but for which the heat 

and meterial balances are completed. 

Following the notation introduced above, the problem 

can now be expressed mathematically [2J. 

( 1 ) 
i i i kl 

where, 5 is the annual rate of return, a and bare the 

cost parameters, AEro:L ,A~-I:L , Ac:; :L indicate area of the ith 

exchanger,steam heater and water cooler,respectively, Uk 

is the operating cost of utility stream SWk per mass and 

finally, SUk1 is the amount of utility spent at the I i~h 

auxilary equipment per year. 

Since the main aim is to minimize the objective 

function (8), it is necessary to investigate the effects 

influencing the capital and operating costs separetely. 

Figure 1.1 illustrates the influence of two basic 

thermodynamic effects on the former.As we reduce the 

driving forces in a network, investment cost increases 

due to larger heat transfer area .On the other hand, this 

will reduce the consumption of utility streams and 

decrease the overall heat load of the network.As it is 

known in common, such a decrease in heat load will cause 

a decrease in capital cost.This complex relationship may 

alter the expected results.Figure 1.2(a) is a network 

whose capital cost is expected to be very low since all 

heat transfer operations are achieved by utility 

streams.When energy is cheap and capital expensive, this 

configuration seems to be the most appropriate one.Figure 



1.2(b) is another solution whose energy cost 15 e~pected 

to be vEry low since there is as much process heat 

recovery as is possible in preferen~e to utility usage.In 

Capi til 1 cos t 

Heat load 

Driving 
~_,--_____________ -"~ .. force 

Figure 1.1-Effect of dtiving force and heat 
capital cost 

load on 

case of expensive energy and cheap capital, this solution 

will possibly be preferred if necessary analysis have not. 

been carried out. 

Based on a uniform heat transfer coefficient and 

4 

sensible sleam and cooiing waler temperalures, the lol·al· 

surface area for both designs has been evaluated.What we 

see conflicls with our implicil assumption. The network 

for "minimum capital cost" turns oul lo have higher t.olal 

surface area.This result. can be e:.:plainc-d by not.ing that 



the design wi~hout process recovery handles iwice as reuch 

heal as is n&cessary.So the capital COSLS are iDcreased 

even though the driving forces ~re large.This rather 

150· STEAM 1400·F) 

CP • 1.0 0 300· 

300· CP • 1.0o-o~~-_ 

50· 50· 50· 

cp=} a CP=l.O CP=l.O 
Area for minimum Capital Corl 

150· 

3000 ;?OO· 

300' 200~ 
0 

300· 200" 
0 

50· 50' 
(bl Area for min;mum Eot!rgy Cost 

Figure 1.2- Area for (a) minimum capital 
minimum energy cost 

COOLING 
WAfE.R (~O· - IIO·F) 

200' 

200· 

l: (AREA) .. 204 

... 

-

I: (AREAl ~ 133 . 

cost and {b} 

5 
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surprising influence of the total heat load on capital 

cost, no\'1 forces us to redraw Figure 1.1 by combining 

these two effects. 

Figure 1.3 illustrates that, beyond a certain value 

for bTrn:l. n , the heat load effect begins to dominate and 

capital costs rise even though driving forces are 

increasing. 

The same figure also shows the variation in energy 

cost with respect to driving forces.Sensitivity of the 

degree of heat recovery to driving forces, classifies the 

problems into two categories.Certain problems have 

constant utility consumption until the minimum allowed 

is increased up to or temperature difference, 

beyond a treshold value, bTtr f7.",.h .For this reason such 

problems are called "treshold (or unpinched) 

problems".Figure 1.4 shows a simplified diagram in which 

bOH represents the utility heat supplied to a network and 

bOe:; the utility cooling.By simple heat balance, (bOc:;- bO, ...• ) 

will always corre~pond to the difference between the heat 

loads of the process streams to be heated and those to be 

cooled. The maximum feasible degree of energy recovery 

corresponds to the situation \'lhen both· bOe and b 0.... are 

minimal.Figure 1.S(a) ShO\,IS bOc:: and baH as a function 

of b Tm1n for a hypothetical problem.Belo\" b Tm :1r, = 20 r.:>F, 

the utility heat loads are independent of bTrn :1n \'lhereas 

above 20 =F the load on both utilities increase.Since 

( bOe- bOt-·.) is a function of the process 

load s \.,h i ch are not e subjec t. t.o change, 

stream heat 

b 0... and b Or;; 



TOTAL 

COST I 

I CAPITAL 
·~tN·ERlY 

I 
I 
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I 
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I 
I 
I 

"T -
L1 min 

Figure 1.3- Ne"l"'ork costas a· function of !:lind" 

HOl U,.iljtie ~ 

FflotCJ' Sir (011' .• 

t~ h Htch.d 

. . ... 
tOLD uiiLiTiES 

Prote!' S'fru:rt,I 
it! h Co~hd 

". ." 
, F'r~c;,-U' ~it£crr.. 

Figure 1.4- Maximum energy recovery [3] 

increase with the same sensitivity beyond the lr~shold 

temperature, 20 ~F. 

Table 1 shows lhe lreshold value& of !:l T", 1.... for 

7 
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of the literature proble~s.It can be seen th~t the values 

computed by HEXNET which is ol')e of the computer programs 

developed during this study, is in good agreement with 

the ones given in [3J.From this table, problems 4SP2 (4 

Stream Problem No.2), 5SP1, 6SP1, 7SP1, 7SP2 and 10SPl 

emerge as being of the treshold 

problems (i.e. TCl (Test Casel>, 

ones. The 

TC2, TC3, 

10SP2) are of the second type, namely 

remaining 

4SPl and 

pinched 

problems.For this type of problems, utility vs. 6TrTI:lr> 

graph is given in Figure 1.5(b). 

Back to Figure 1.3, we have to mention about another 

very important 6Trn:ln value ,·,hich is located to the right 

of this minimum in capital.Beyond this point, there is ho 

trade-off since both cost components increase as 6TrTI :l.n 

increases.Linnhoff et.al. [4] pointed out that "many 

state-of-the-art processes have designs in the rising 

region of the capital cost graph.Hence appplications of 

the techniques to state-of-the-art processes can lead to 

both energy and capital savings" . The case studies 

mentioned in various references support this idea 

[4,5,6,7,8,9]. 

So far, the correlations between driving forces and 

the cost components have been examined without answering 

the question how to find the econ~mic value of t,Tm:l.n.As 

it is shown in Figure 1.3 , the total cost is obtained by 

summing up annuilised utility and capital costs.It passes 

through a minimum valu~ which corresponds to a particular 

ut iIi ty usage and t, T",:l~n . I t should be noted that since 
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TABLE 1. TRESHOLD VALUES FOR VARIOUS PROBLEMS 

SENSITIVITY TRESHOLD LIES AT fj, Tn):l.n= 
(C:> F) 

REF. 
PROBLEM NO GIVEN BY [3J COMPUTED BY HEXNET 

TCI 15 0 o. 

TC2 15 0 O. 

TC3 25 not mentioned O. 

4SPI 20 0 O. . 
4SP2 21 ~ 46 46.43 

'5SPI 1 ~ 43 42.86 

6SPl 20 ~ 65 65.25 

7SPI 1 ~ 49 49.40 

7SP2 1 ~ 51 50.00 

10SPI 13 ~ 72 71.62 

10SP2 -- 0 stream dat'a not 
available 

the network confiquration may chanqe with different 

values of the minimum temperature approach. the total 

cost function will in general be non-differentiable and 

hence a direct search procedure (e.q. qolden section 

search as employed in [10J) should be used for this 

optimization.By costinq several designs. it becomes 

possible to identify a in the reqion of 

optimum.Direct search proc~dure which is employed in this 

study is the Fibonacci search [llJ.HEXNET accepts a 

predetermined value for 6T~:l.n or it computes the optimal 

one.A detailed description of Fibonacci search is qiven 

in Appendix A. 



10 

/ 
Utility Heat loads 

:", 

Utility Heat loads, 

Stealii 

to 

£0 

+0 

.. 0 

o 
'------------ il T . "-o 10 20 30 4\0 SO 60 m1 n 

Fiqure i. 5-, Utility requirements as a function of T .. ,1.r, 

(a) for tresholdproblems <b) for pinched 
problems [3,4J 

Finally. an intere~ting footnole may be added to this 

d1scu5sion.Al1 meth~d~ including Pinch Technique ale lh~ 

opllon~ to the ~ngineer 

afler [olloving strict design procedures.As it 1S pointea 

out., by Linnhoff and Vredeveld [8J "the user should ah-lays 

slay in control~. 

The contents of the following chapt.Ers are out.lined 

below.Chapler II is a lileralur~ survey on heat exchanger 

nelwork synthesis. Chapter III is an explanation of the 

compuler programs namely,' HEXNET and DES IGN ,·,hi ch are 

developed during t.his st.udy.Chapter IV tabulates the 

stream data for some problems,.' their solutions obtained 

by the compul~r programs menlioned above and comparisons 

with different algorithms.Chapler V includes conclusions, 

remarks and r ec onlmen'cia t ions. Finally, Appendix A 

explains Fibonacci search melhod which is employed in 

this study lo optimise minimum approach temperalure. 
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CHAPTER II 

LITERATURE SURVEY 

Chapter II which is devoted to the literature survey 

on design methods for the synthesis of heat exchanger 

networks, is formed by'two sectiOtis.Algorithms developed 

prior to "pinch technique" are .outlined in the first 

section.From now on, these algorithms will be referred as 

"previous methods".Pinch method which is the most 

recently developed heat integration technique will be 

discussed in detail in the second part. 

2.1 PREVIOUS METHODS 

Previous methods will be summarized by following the 

classification of Nishida et.al. [12] who have given a 

detailed review on process synthesis most recently. 

Having given the complete description of heat 

exchanger network problem in Chapter I, methods of 

problem representation becomes the first subsection to'be 

discussed. 

2.1.1 Problem Representation 
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A variety of different representations have been used 

in developing heat exchanger networks.Perhaps the oldest 

is the 

(ordinate) 

enthalpy 

"temperature/enthalpy diagram".Temperature 

for each stream is plotted against its 

only (abcissa).The enthalpy scale' is 

relati,:e;lhus, streams may be moved to the right or left 

on this diagram.A match between two streams is 

represented by placing a cold stream (one which is to be 

heated in the match) directly below a hot slream (one 

'Hhich is to be cooledLWhere the streams overlap, the 

match takes place.By construction, the overlapped 

portions are in heat balance. The match is also 

thermodynalnically feasible as the hot stream is hotter 

. than the cold stream in all places along the match. The 

vertical distance between the streams is the temperature 

difference experienced along the match.Construction of a 

temperature/enthalpy diagram will be discussed further in 

section 2.2.2 by using an example problem (see Figure 

2.13 (b)), 

A second representation introduced by Pho and Lapidus 

[13] is the "simple match matrix ". The authors refer to 

an exchanger net,,;ork ",ith "n" heat exchangers as a lin" 

step network.At a given synthesis step a pair of process 

streams will be matched and identified by the (i,j) entry 

of a matrix "A" whose row and column denote the cold and 

hot slreams, respectively.If at the n th synthesis step, 

the cold stream C:l. is ,matched to the hol stream h.1' the 
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(i,j) entry is set equal to "n", or a(i,j)=n; otherwise 

the entry is left blank. 

A = 

A "M" step network will therefore have M non-zero entries 

whose values range from 1 to M.The last row and column of 

a synthesis matrix denote whether the process streams 

require the service of heaters (H) or coolers (C) to meet 

their temperature specifications. Those streams which 

have met their terminal temperatures during the earlier 

synthesis and therefore require no service from the 

heaters and coolers in the final synthesis step are 

denoted by the symbol (T). The remaining block of the 

synthesis matrix is the "A" matrix defined earlier.Figure 

2.1 illustrates a sample network and its synthesis 

matrix.Also, the use of synthesis matrix during the 

generation of a decision tree diagram is 

following sections (Figure 2.5). 

illustrated in 

A third representation is the "heat content diagram" 

of Nishida, Kobayashi, Ichikawa [14J.In Figure 2.2, the 

heat content diagram representing a simple syntesis 

problem that ~ontains two hot streams Sh1, 

cold streams Sel and Sc~ is shown. In general, the 

vertical axis of the diagram represents the input and 

output temperatures of hot and cold process streams, or 

the input and output temperatures of heating and cooling 
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utility streams. The origin of the temperature scale is 

set separately such that all hot streams and heating 

utilities are located above the horizontal axis and all 

cold streams and cooling utilities below the horizontal 

axis. The horizontal axis represents- the relative 

magnitude of heat capacity flow rates of various 

streams.On the diagram, each stream is represented by a 

block. The area of a given block corresponds to the amount 

of heat to be removed from or added to the stream in 

order for it to reach its desired output temperature. 

T:2 

Area = Q = J CP dT ( 2 ) 

Tl. 
In this equation, Q represents the amount of heat removed 

from or added to a stream which is cooled or heated from 

to _ T:;;:~. Here, note that the temperature/enthalpy 

diagram is the integral form of the heat content 

diagram.For convenience, both process and utility streams 

should be drawn on' the diagram such that heating 

utilities and hot streams are located in a decreasing 

order of their input temperatures above the horizontal 

axis; whi Ie cooling utilities and cold streams are 

located in a decreasing order of their output 

temperatures below the horiz6ntal axis.As it is indica~ed 

earlier, in most cases, the output temperatures and ~he 

heat capacity flow rates of utility streams are both 

unknown before their exchanges with other process 

streams.Thus, in representing a given synthesis problem, 

, i 
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a heating or cooling utility stream is denoted initially 

by a point on the diagram, with the ordinate value 

specifying its known input temperature.Also, on the 

diagram, a heat exchange between a hot and a cold process 

stream is. indicated by assigning the same number or 

letter to the corresponding hot 

that since the heat contents 

and cold blocks. Note 

of hot and cold process 

stream to be exchanged must be the same, the hot and cold 

blocks "designated by the same numbers or letters on the 

diagram must have the same area.Likewise, both above and 

below the horizontal axis of the diagram, the total 

number of hot and cold blocks representing the exchanged 

hot and cold process streams as well as their 

corresponding total heat contents should also be the 

same.Finally, division of a block either horizontally or 

vertically is permitted on the diagram. The former 

corresponds to the multiple heat exchange, and the latter 

represents the stream splitting. 

Another convenient representation by Linnhoff and 

F I O'-1er [15] directly represents the network structure, 

Figure 2.3.Hot streams run from left to the right at the 

top, and the cold streams run from right to the left at 

the bottom.A match between streams is indicat.ed by 

placing a pair of circle~ on each of the streams and 

connecting them by a vertical line.This explains why lhe 

diagram is so called; "Grid Representation".Beneath the 

symbols for heaters, coolers and exchangers, heat loads 

are noted in appropriate units. Temperatures may be shown 



17 

1800 400 

2 

25 

1500 400 

4 

1800 600 

Figure 2.3- Grid representation 

against each-stream and so may heat capacity flow rates. 

The exchangers may be numbered at one of their 

nodes.Though, understanding the significance of pinch 

t.emperature has affected 
\ 

the structure of grid 

representation, conventions described above are still 

valid for drawing these diagrams.Figu~e 2.11 may give an 

idea about the new look brought to grid representation by 

the Pinch Technique. 

2.1.2 Synthesis Algorithms 

The heat exchanger network synthesis problem can be 

conveniently partitioned into the following three major 

steps. 

I. Preanalysis to set targets, limitations. 

II. Network invention. 

III.Evolution. 

The first two of these steps can be further 
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subdivided, both into the same set of substeps, but with 

each emphasizing the substeps differently. The substeps 

are as follows. 

A. Partition the synthesis problem. 

B. Merge equivalent heat sources, sinks. 

c. Select stream/stream matches. 

D. Select network capable of producing desired 

matches. 

Here, it will be shown how the different algorithms, 

published for heat exchanger networks, fit into and 

contribute to the above problem "generalization." 

2.1.2.1 Preanalysis 

Preanalysis involves establishing targets for the 

network to be designed.rhese targets are: (1) the least 

amount of utilities which are needed; (2) the minimum 

'area required;and (3) the probable, but not guaranteed, 

fewest number of heat exchangers needed.Experience has 

sho'Yln that net \'lorks sat i sfying target s , (1) and (3) are 

very attractive solutions [4,7J.Target ( 2 ) is usually 

only approached, but not reached by the optimal 

solutions. 

Least utility targets have been set five ways, some 

of which only establish lower bounds.Table 2 lists the 

alternatives. An obvious bound (UB-l) is to establish the 

difference in heat required for heating the cold streams 

and the heat availablefor cooling the hot streams.The 
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bound has sometimes been refined slightly (UB-2) where 

one accounts for cold streams which require heating above 

any temperatures available by the hot process streams or 

any hot streams requiring cooling below any temperature 

available by cold process streams [2.~6,17]. However, 

exact targets (UB-3) are possible '''hich can always be 

met, and these account for both the difference in heating 

and cooling required and the temperature levels of the 

streams [15]. 

TABLE 2. MINIMUM UTILITY BOUNDS USED IN LITERATURE [12] 

UB-l: Net difference between heating needed for cold 
streams and cooling needed for hot streams. 

UB-2: Same as UB-l but modified to account for 
portions of hot (cold) streams colder (hotter) 
than any existing cold (hot) process stream. 

UB-3: Exact bound accounting for uniform minimum 
allowed approach temperature. 

UB-4: Exact bound accounting for uniform 
allowed approach temperature and user 
disallowed stream/stream matches. 

U8-5: Same as UB-4 but with match dependent 
allowed approach temperature. 

minimum 
stated 

minimum 

The essence of the method (UB-3) ~o establish the 

minimum utility bound isto merge all hot streams into a 

single hot "superstream" and all cold into a single co~d 

"superstream. "Plotting these t\,10 superstreams on . a 

temperature/enthalpy diagram, one moves the cold 

superstream under the hot until the minimum vertical 

distance exactly equals the minimum ~T allowed anywhere 
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in the exchanger network [18] . 

. i:i Trni n = 0 constitutes an impractical case requiring 

infinite heat transfer area (see Equations 3 and 17) . The 

unmatched portions of each of these streams represent the 

minimum heating and cooling required (Figure 

2.13(b)).Besides this graphical solution, an analytical 

procedt;Ire, namely "Problem Table Method" ;'lill be 

discussed further in section 2.2.1.1. 

Cerda 

Westerberg 

in coorperationwith Linnhoff, 

[19] calculates minimum 

Mason and 

utility 

requirements. The extension penni ts one to exclude matches 

between designated pairs of streams, either in total or 

over certain ranges of temperature (UB-4).This 

application becomes very important in some special cases 

(e. g. the streams may be both vapor and far apart, 

leading to very costly piping requirements, a leakage may 

lead to a dangerous situ~tion etc.).He also extended the 

ideas to allow. the minimum allowed temperature to differ 

with each stream/stream pair (UB-5).(UB-5) is also 

explained by Linnhoff et.al.[4].Each stream is-assigned a 

contribution and the minimum approach temperature 

for a particular exchanger is calculated by summing the 

contributions of the matched streams.Thus if 

streams are assigned 5 =C and gas streams 10 PC, 

liquid 

then_ a 

liquid/liquid match has a of 5+5=10 '::'C,' a 

liquid/gas match has a','/:" Tmin of 5+10=15 ~")C and a gas/gas 

match has a /:"Trn:l.n of 10+10=20 '::'C. 

The target of "minimum area" 'can be discovered rather 
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quickly using the superstreams [14]. If exactly matched 

by the introduction of utilities as needed and if all 

heat transfer coefficients are assumed equal, the so 

called "minimum area" solution corresponds to a 

countercurrent exchanger designed for these superstreams. 

The area calculation involves integrating 

2 
1 

J ( 3 ) 
dO 

A = 
u fJ.T 

1 
vThere A is the area, U is the heat transfer coefficient, 

a the heat transferred and ~T the vertical distance 

between the two superstream curves at the point that the 

incremental heat dO is transferring.An alternative 

equation which is developed for the case of non uniform 

heat transfer coefficients will be discussed in sub-

section 2.2.2 (Equation 17)·. 

Prior to explaining how to find the number of fewest 

heat exchanger units,it will be beneficial to discuss the 

importance of that target. 

General cost expression of exchangers is as follows, 

( 4 ) 

By using this expression, one can write the following 

inequalities [2]: 

( 5-a ) 

a ( Ar:;: 1 + A[,!:.:2 ) t:> + a ( Ar::!.::::> + . . + AE::: 1 ) t", + a ( Af.;;: 1 ..... 1 + . . + Af.": m ) to> 5-b ) 

Note that for either inequalities 

O~b~1. 
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These imply that without increasing the total heat 

transfer area of exchangers, 

exchangers can be reduced if 

the investment 

several 'units 

cost of 

can be 

combined together as a single one, or a smaller number of 

exchangers are to be used.Here, inequality 5-a 

corresponds to the case where m exchangers are reduced to 

a single unit; inequality 5-b repres~nts the case where m 

exchangers are reduced to three exchangers.Obviously the 

same idea is also applicable in reducing the investment 

cost of heaters or coolers. 

An application of 'Euler's general network theorem is 

utilized by Hohmann and later by Linnhoff to determine 

the target of fewest number of exchangers [3,4]. 

u = N+L-s 

where, 

( 6 ) 

u = number of units (including heaters and coolers) 

N = number of streams (including utilities) 

L = number of loops 

s = number of separate components. 

A hypothetical problem ,Figure 2 . 4 , having hlO hot 

streams and two cold streams will be used to clarify the 

meanings of a loop and a separate component.Both utility 

heating and utility cooling are required.Every stream is 

indicated by a circle with the heat load given 

beneath.Each line connecting, a hot and a cold stream 

represents an exchanger.Note that the lolal system is in 

enlhalpy balance, i . e. the lotal heat surplus of hal 

streams equals the lolal heal deficit of cold streams 
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Figure 2.4- Principles of subsets and loops 

(190 units).Assuming that temperature constraints will 

allow any match to be made,the matches can be put as 

follows ,Figure 2.4(a).Matching steam with cold (1) and 

maximising the load completely satisfies or "ticks off" 

stearn, leaving 10 units of heating required by cold 

(l).Matching cold (1) with hot (1) and maximising the 

; I 
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load on this match so that it ticks off the 10 units of 

residual requirement on cold (1) , leaves 60 units 

residual heal available from hot (l).Matching hot (1) 

with cold (2) ticks off hot ( 1 ) and leaves cold (2) 

requiring 40 units of additional heating.Now, matching 

hot (2) with cold (2) and maximising load, ticks off cold 

(2) and leaves hot (2) with SO units df residual heat 

load.The last match should be beb;een hot (2) and cooling 

water.As it is mentione; earlier, the system is in 

enthalpy balance and this s why one hot and one cold 

stream ;>lith the same he t content and requirement left 

behind.The last exchanger \'ill satisfy both streams >,lhile 

the previous ones were elimating only one of the 

pair. This explains why the number of exchangers is one 

less than the total number of streams.Figure 2.4(a) 

corresponds to the case in which L=O and s=l.This is the 

case which is mostly encountered and leads to the 

targeting equation 

Umtn = N-1 ( 7 ) 

In Figure 2.4(b), a ciesign is shown having one unit 

less.In this case, two separate components exist and both 

of them are in enthalpy balance individually.Steam, cold 

(2) arid hot (1) form the first subset while cold (1), hot 

(2) and cooling water form (he second.What this means is 
." 

that for the given data set one cap design two completely 

separate networks, with the ~quation 7 applying to each 

individually:This situation is termed "Subset Equality" 

and very important ·since one does not want to overlook. 
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the chance to reduce the number of units in practical 

context.It is often possible to deliberately modify heat 

loads of streams and group 'streams together so as to 

create such situations.Finally, in Figure 2.4(c) a design 

is shown having one unit more than the design in Figure 

2.4(a), the new unit being the match between steam and 

cold (2).The extra unit introduces what is known as a 

"loop" into the system. That is, it is possible to trace a 

closed path through the network.Starting, s~, at the hot 

utility,.the loop can be traced through the connection to 

cold(l), from cold (1) to hot (1), 
\ 

from hot (1) to cold 

(2), and from cold (2) back to steam.The existance of the 

loop introduces an element of flexibility into the 

design.Suppose the new match, which is between steam and 

cold (2); is given a load of ( X ) units.Then by enthalpy 

balance, the load on the match between steam and cold (1) 

has to be ( 30-X ),between cold (1) and hot (1) ( 10+X ), 

and between hot (1) and cold (2) ( 60-X ).Clearly X can 

be anything up to a value of 30, when the match between 

hot utility and cold (1) disappears.The flexibility in 

design introduced by loops is sometimes useful, 

particularly in "retrofit design." 

The preanalysis steps for the existing methods are 

compatible with the four substeps (A to D) stated 

earlier. To establish utility bounds and/or area bounds, 

the problem is usually partitioned according to key 

temperature intervals [lSJ.First if a user 

prescribed "minimum approach temperature," is added to 

-1'4 ... _"';;-";:';""" 

. fO 'i'''''\1tU~\\P::,' -V,\\i\\m,l, ~,\'W{1 
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all cold stream temperatures, the prescribed inlet and 

outlet temperatures for all streams, including utilities, 

are ordered into decreasing order. Each pair of 

temperatures on the list represents an interval for the 

hot streams. Cold stream intervals are the same but with 

the temperatures decreased by /). Tmir-•• If no 

stream/stream matches are excluded by the designer, 

within each interval the contributions for each substream 

can be merged to create hot and cold superstreams.When 

the problem table method will be discussed in section 

2.2.1.1, a numerical example will be given to illustrate 

how to define these temperature intervals and 

subnetworks. 

The last step taken to calculate minimum utilities is 

to select the stream/stream matches among these merged 

substreams. With only one hot stream and one cold stream, 

matching is a trivial step. No actual network need to be 

proposed, so step D is not required for preanalysis. 

2.1.2.2 Network Invention 

also 

the 

As stated earlier, the network invention step can 

be subdivided into four substeps: (A) partitioning 

equivalent heat synthesis problem; (B) merging 

sources, sinks; (C) selecting stream/stream matches; and 

(D) selecting the heat exchanger network capable of 

producing the desired matches. Not all of these substeps 

are necessarily a part of each of the publ ished 
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algorithms. 

Partitioning, if it occurs, is of two types. The 

problem may be partitioned by temperature intervals, as 

explained already for the preanalysis step. The TI method 

of Linnhoff and Flower (15) uses this partitioning. If 

one has done a preanalysis and has located where in the 

proble~ a temperature pinch point exists, one may also 

partition the overall problem into two problems, one 

above the pinch and one below. 

between these two partitions, 

Heat cannot be exchanged 

if one wishes to develop 

networks requiring minimum utility usage. This 

partitioning was implicitly a part of the TI method [1~) 

and used explicitly by the Pinch Technique. 

A class of algorithms (e.g~, Nishida et.al. [14J) 

next proposes that 

merged.· Thi s· step 

streams with 

is exactly 

equivalent heat be 

that of producing 

superstreams mentioned earlier and thus moves these 

algorithms into the ~lass performing a preanalysis to 

find the minimum area target for a problem. 

Next, the different algorithms select which 

stream/stream (or superstream/superstream) matches to 

make. Many accomplish this step as a sequence of match 

decisions, 

decisions 

while others make their stream/stream match 

in parallel. We shall discuss this step at 

length becous~ of the different ways the various 

algorithms accomplish this step. 

2.1.2.2.1 Sequential Match Decision Algorithms 

, i 



TABLE 3. SEQUENTIAL MATCH OPTIONS [12J 

Search Strategy Employed: 

55-1: Total Enume~ation 
SS-2: Brach and Bound 
SS-3: Heuristic 
SS-4: Other 
Heuristics Used: (If SS-3 Employed) 

HR-l: Select hot stream with highest inlet 
temper~ture and cold stream with highest 
target temperature. 

HR-2: Select hot stream with coldest target 
temperature and cold stream with coldest 
inlet temperature. 

HR-3: Select match giving least value t.o b T ... ,,,",,,,, , 
HR-4: Select match giving least value to 

estimated upper bound on overall network 
cost. ' 

Match Restrictions: 

MR-l: Disallo,"T stream split.ting 
MR-2: Disallow st.ream/stream rematching (cycling) 
MR-3: Disallow if match precludes predicted minimum 

ut il i ty usage 
MR-4: Disallow if match precludes network having 

predicted fewest number units 
Stream Heat Selection Decisions: 
(h = for Hot Stream, c = for Cold Stream) 

HS-l h, c: Take heat from or supply heat to hottest 
end of stream. 

HS-2 h, c: Take heat from or supply heat to coldest 
end of stream. 

HS-3 h,c: Take heat from or supply heat to inter-
mediate portion of stream. 

28 

For algorithms in this class, the principal questions 

are the search strategy employed, how to select the next 

mat.ch, and what is meant by a match. 

Table 3 lists the variety of search strategies (SS), 

of heuristics for selecting the next match (HR), of match 

restrictions (MR), and of'heat selection rules (HS) used 

by the various algorithms. 
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The essence of algorithms "Thich develop the network 

as a sequence of match decisions is to develop a tree of 

networks. 

process 

cooling 

where the initial node is the network with no 

stream/process stream matches. All heating and 

is done directly by utilities br this node. The 

children of this node are all networks containing exactly 

one process stream/process stream match. Their children 

contain exactly b"o process stream/process stream 

matches, etc. 

One of the earlier algorithms [13 ] suggests 

developing the entire 'tree of neb-lorks which their rules 

allow to be generated. but the tree becomes excessively 

large for a ten stream problem. They suggest a fallible 

"look ahead" procedure to reduce to a feasible size. the 

number of branches of the tree to be examined. As a 

summary. the procedure is defining an evaluation function 

to each of the nodes generated during the synthesis; such 

a function evaluates the quality of each node.It can be 

used to pull the search toward the optimal node by first 

generating the most promising node, while the remaining 

nodes are either retained for future expansion or simply 

deleted from further consideration. The evaluation 

function can be exact or merely heuristic; in the first 

case optimality is guaranteed while in the second there 

is no guarantee of finding the optimal node.Since 'the 

heuristic procedure would be expected to be much easier 

to compute. Pho and Lapidus try to define a heuristic 

function which generates a partial enumeration to the 
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entire tree while still providing for the possibility 

that the optimal node can be located.Figure 2.5 

illustrates the reduced decision tree for problem 

4SP1.Several redundant nodes are eliminated by the 

procedure developed by Pho and Lapidus.To aid in 

interpretation, the blank entries in the rows and columns 

of the A-matrix 'Ylhose corresponding streams have reached 

their final output temperatures are denoted with the 

symbol asterisk <*) and if the matching is infeasible 

(e.g. temperature constraint is violated) the 

corresponding entry is filled ''lith the symbol (~). 

Some other algorithms propose using a branch and 

bound scheme [16,17J to search the. tree.To use this 

scheme a lower bound on cost has to be estimated for all 

nodes emanating from a given node. This lower bound is 

usually the annuilized capital cost for the heat 

exchangers already involved in the network plus a lower 

bound on the cost of utilities still required 

(calculating minimum utilities using one of the utility 

bounds UB-1 to UB-3). Lee, Masso and Rudd used Branch 

and Bound method to approach extremely difficult design 

problems gainfully by branching from the difficult 

problem to other simpler problems, and generate the 

solution to design problems which are unsolvable when 

attacked frontally [20LThe more easily solved altern'ate 

design problem B must be selected to bound the original 

problem A in the following way.If OACD) is the economic 

design objective to be maximized in problem A by 
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Figure 2.5- Reduced decision tree for 4SPl 

adjusting design OJ DA is the sought-for design which 

maximizes that objective, and OB(D) is the economic 

objective for the alternate problem B, if Equation 8 

holds, problem B bbunds A 

( 8 ) 
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and D"." must be feasible for problem B. 

That is, if the optimal solution to problem A were 

available and applied to problem B, that design would be 

feasible for problem B (satisfying all the technical 

constraints but not neccessarily at maximum ·objective 

function) , and exhibit an equal or greater value for the 

economic objective.If so, problem B is an upper bound for 

A.After solving the bounding problem B, the optimal 

design being DI~(, one should check whether this solution 

is also an optimal solution to the original unso)vable 

problem A or not. This test is done by the help of 

Equation 9: 

( 9 ) 

The fastest, but obviously most fallible, algorithms 

simply use one of the heuristics HR-l to HR-4 to select 

a single next match. 

A number of possible matches are disallowed by match 

restrictions (MR). For example, no stream splitting may 

(MR-l) or no stream rematching (MR-2). 

Rematching is when two streams exchange heat in two or 

more noncontiguous exchangers. If the algorithm was 

developed with an awareness that one can calculat~ the 

minimum utility usage bound (UB-3), it may eliminate any 

match which if made, would preclude reaching this bound 

(~R-3).Detection of such a match is done by making ·the 

match and then running a "preanalysis" on the unmatched 

streams to detect the minimum utility usage needed for 

them. If this prediction indicates an increase in the use 
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of utilities, the match can be excluded (see section 

2.2.3.3 for further details}. 

The algorithm may also disallow matches not leading 

to the predicted fewest number of heat exchanger units 

(MR-4}.To reach such a solution each match made in lhe 

sequence must eliminate one of the two streams entirely 

and leave a single residual from the other. If the match 

cannol accomplish such an elimination becouse of 

temperature limitations, it need not be considered. These 

type of algorithms may be fallible in some cases where a 

compulsory match should be materialized though none of 

the streams can be ticked-off due to temperature 

constraints.SSP1 is a standarl problem which constitutes 

,a good example for such a-siluation.The problem data and 

network configurations of SSP1 are given in Chapter IV. 

The heat selection Options (HS-1h,c to HS-3h,c) can 

have a profound effect on the network developed. Earlier 

algorithms matched the hottest portion of the hot stream 

against the coldest portion of the cold (HS-1h/HS-2c). 

This match decision is lhe most thermodynamically 

irreversible, leaving lhe hol end of the cold stream 

and/or the cold end of the hot stream for subsequenl 

healing or cooling. Ponlon and Donaldson [21] appear to 

be first to advocate matching the hot end of the hol 

stream against the hotlest portion of cold stream (HS-

1h/HS-1 c) . This heal selection rule is quite reasonable 

for above ambient net \'lorks as it is more 

thermodynamically reversible and il tends to allow the 

; i 
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Figure 2.6- EXamples t·o heat selection decisions (a) HS­
Ih/HS-lc (b> HS-lh/HS-2c 

lower-temperature hot utilities to be used. It does this 

by tising lower-temperature cold utilities.This trade is 

sensible since above-ambient hot utilities are more 
\ 

expensive than above-ambient cold ones.Figure 2.6(a) 

illustrates HS-lh/HS-lc decision reached by Ponton and 

Donaldson.Heat selection option preferred by earlier 

algorithms is shown in Figure 2.6(b). 

Some of the later papers describe sequential 

algorithms simultaneously requiring minimum utility usage 

(MR-3) and accomplishing all this in the predicted 

minimum number of heat exchanger units (MR-4) [12J. 

2.1.2.2.2 Simultaneous Match Decision Algorithms 

The first approach that will be discussed in this 

/' 
~ection is one of the earlie~t published, using a method 
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based on the "assignment algorithm" in linear programming 

[12,22J. In this approach, every stream is first 

partitioned into a set of usually quite small substreams, 

each substream having a heat content of "0" units. Some 

algorithms require this partitioning to be sequential 

(equivalent to no stream splitting), whereas some others 

permit parallel partitioning (equivalent to stream 

splitting). "0" is chosen so every stream is partitioned, 

to an adequate approximation, into an integer number of 

substreams.It is specified as an approximate value of the 

greatest common divisor 

the hot and cold streams. 

of the heat exchange duties of 

Utilities are also added as a 

generous number of substreams, each again with a heat 

content of "0" uni ts. The assignment problem is to 

assign hot substreams to cold ones in a manner which 

minimizes the sum of the costs associated with each 

assignment (see Equation 1). Constraints precluding 

certain assignments are readily added, and they reflect 

thermodynamic considerations (the hot substream must be 

hotter than the cold one) . They could also represent 

user restrictions. Very quicly a large number of 

substreams and constraints are generated, even for small 

problems. The "assignment algorithm" of linear 

programming is effective at handling large problems. 

The cost of an assignment is the '\1'eakest aspect, of 

this approach. It can easily include the cost of 

utilities by assigning, as part of the cost for a match 

involving utility substream, the cost of "0" units of 
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that utility. The cost must also include the annualized 

cost of heat exchanger area, but area costs should 

reflect overall heat exchanger size, since large 

exchangers cost much less per unit area than small ones. 

That is, taking cost parameter lib" as unity does not 

express the actual cost, es~ecially for small sized 

exchangers.The cost index may be far from unity if such 

exchangers are to be used. 

The solutions resulting from this approach require 

further work as they simply provide one with assignments 

of the small substreams to substreams. It is up to the 

user to translate these into 

exchangers corresponding 

a practical set of heat 

only approximately to the 

substream assignments~ 

quite good answers. 

This method apparently results in 

The second simultaneous match decision algorithm is 

the TC algorithm of Linnhoff and Flower and Linnhoff 

[12,23], This algorithm will generate all heat exchanger 

networks satisfying match restrictions MR-l (no stream 

splitting), MR-3 <minimum utility usage) and MR-4 (fewest 

number of heat exchanger units). It is readily shown 

that such networks are acyclic; that is, if one Vlere to 

disregard the direction of stream flows and then trace 

the pipework for such a network, one cannot find a path 

which starts with a given heat exchanger and which 

subsequently returns to it. Figure 2.4(a) may aid in 

believing this property.An apparent disadvantage of the 

method is the fact that where solulions of the kind 

, i 
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specified above do not exist, the method will yield no 

answer.This situation would be encountered in problems 

where full heat recovery is difficult to achieve, i . e. , 

where more than the minimum number of units have to be 

used and/or streams have to be split for a satifactory 

solution.Flower and Linnhoff [23] propose a mixed 

solutipn method to handle such problems.Since, the TI 

(Temperature Interval) method leaves little choice in 

subnetwork design where heat recover~ is difficult, and 

offers alternative designs in subnetworks only when heat 

recovery is easier, their general approach becomes one of 

synthesizing partial networks which ensure maximum energy 

.recovery by the TI method with suitably identified 

remaining problems. These remaining problems can then be 

tackled with the TC method. 

The TC algorithm first predicts the minimum amount of 

utilities along with required utility streams, then like 

an odometer ticking off the miles, it generates all 

stream/stream match structures which do not contain 

cyles.Three constraints should be kept in mind at this 

step: 

i) Target Temperature Fea~bility 
/~ 

Each match bringing a stream to its target 

temperature must be with a stream or service whose supply 

temperature is compatible with that target temperature. 

ii) Topological Feasibility 
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Each stream or service must be used in at least one 

match. 

iii) Heat Load Feasibility 

If a stream or service is matched only once, its 

partner must have an equal or larger heat load.A natural 

conseq?ence of this is that in any feasible network, the 

stream or the service with the largest heat load must 

have at least two matches.Further, the second 

stream or service must have at least two matches, 

largest 

unless 

matched against the largest stream or service etc. 

These constraints are necessary conditions for 

feasibility but not sufficient in themselves.One should 

calculate the heat loads for each match, and eliminate 

entire structures if the heat loads suggested by these 

matches are not all positive (they require that heat must 

always transfer from hot streams to cold ones). Finally 

the algorithm systematically creates heat exchanger 

each structure. 

allo\Ted. The temperatures 

structure is kept only 

satisfactory throughout; 

if 

that 

No stream splitting is 

are calculated and the 

the temperatures .are 

is, temperature drivitig 

forces larger than some prescribed minimum A T occur in 

all matches. 

Finally, recent algorithms which in fact should 

not be included under the heading of "Previous Met.hods" 

"'ill be discussed.These algorithms do recognize the pinch 
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concept but reach final solutions by employing 

simultaneous match decisions. 

Duran and Grossmann [24J propose a procedure for 

solving nonlinear optimization and synthesis problems of 

chemical processes simultaneously with the minimum 

utility target for heat recovery networks. The unique 

characteristic in this approach is that variable flow 

rates and temperatures of the streams can be handled 

within a nonlinear optimization framework. Ideally, in 

order to account for the interactions between the 

chemical process and the heat recovery network, both 

should be optimized simultaneously. However this rigorous 

approach would lead to a difficult combinatorial 

problem. Therefore, in order to simplify the problem Duran 

and Grossmann suggest the optimization 'of the chemical 

process simultaneously with the minimum utility target 

for heat integration of the process streams.In this way, 

the resulting design exhibits flo", rates and temperatures 

of the streams that guarantee maximum heat integration. 

The same article also includes a smooth approximation 

procedure developed by the authors. Instead of using a 

nondifferentiable optimization, Duran and Grossmann apply 

this procedure to obtain continuity of the derivative by 

replacing the itructural nondifferentiabilities with a 

suitable smooth approximation function. 

Another recent approach by Floudas, Ciric and 

Grossmann [10 J enables the consideration of stream 

splitting, bypassing, matching in series, matching in 
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parallel, matching in series-parallel and matching in 

parallel-series.In order lo show how such a task is 

realised, consider an exa~ple problem having one cold 

(C 1 ) and three hol slrealrtS (H, ;H::;::,H:::;) .Figure 2.7 

illust.rales the stream superstructure~ that can be 

po~lulaled for the problem above.By equaling lhE heal 

capacily flow rales of some of lhe branches lo ZEro, ODe 

can rEach a variet.y clf a'lternative sequences . 

• 

, 10 

Figure 2.7- Stream superstructures [10] 

The synlhesis stralegy can be outlined in five 

steps.The first step is the' determination of nlinimum 
II 

utility cost ·aswell as the location of the pinch 

points. This step islaken by a linear programming (LF» 

transshipment model.Al the secondslep, • mixed-integer 

linear programming (MILP)' transshipment model is solved 

to delermine the minimum number of matches and the heat 
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exchanged at each match.Step three is the derivation of 

superstructures.For each stream an independent 

superstructure is developed and these are then combined 

into an overall superstructure.At step four, a nonlinear 

programming (NLP) formulation is presented for the 

automatic generation of network structures with minimum 

investment cost.Finally, at step five, final network 

configuration is obtained. 

As it is given at the begining of section 2.1.2, the 

last step of network invention is the selection of 

configuration that is capable of producing desired 

matches. For the sequential match decision algorithms 

this step is accomplished at the same time 

stream/stream matching decisions are made; 

parallel match algorithm, it is a separate 

that 

for 

step. 

the 

the 

The 

algorithm of Nishida et. ale [14], where equivalent heats 

are merged, has only selected which merged heat sources 

are to supply heat to "'hich merged heat sinks. Subject 

to guidelines given, it is up to the user to choose among 

the alternatives possible to develop the actual network. 

2.1.2.3 Evolution 

Many publications present steps to aid in improving a 

heat exchanger nE?twork, once one is developed. 

Nishida Liu, and Lapidus [2J present a set of 

evolutionary rules to improve net ",orks generally 

developed with the aid of earlier minimum area 
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algorithms of Nishida, Kobayashi ~nd Ichikawa [14]. The 

minimum area algorithm requires one to develop a network 

containing far too many actual heat exchangers, and. the 

evolutionary rules were to aid one to reduce the number 

of exchangers.The suggested rules are as follows: 

i) Compare the areas (heat contents) of various hot and 

cold blocks in the heat content diagram.Delete the 

exchanger, the heater, or the cooler with the smallest 

area or the least amount of heat exchange by increasing 

the heat duty of the rest of the process and/or utility 

streams.Repeatedly apply this procedure until the total 

cost of the resulting network can no longer be reduced. 

i i) I f a network contains a local sub-netvlork where a hot 

(or cold) stream matches with the same cold (or hot) 

stream which it has matched before, 

these two repeated matches. 

delete either of 

iii) Replace the stream splitting with the stream un-

splitting 

and cold 

(or the multiple heat exchange).Match the hot 

streams in the un~splitting network in a 

decreasing order of their arithmetic averages of 

and output temperatures. 

input 

It should be noted that these rules are to be applied.in 

thei r numer i cal ,order i that is, rule (i) should be tried 

before rules (ii) to (iii), etc. 

The ED (evolutionary development) method of Linnhoff 
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and Flo",er [15J is a set. of rules to aid one \{hen making 

small changes to a heat exchanger net.work, such as those 

developed by their TI met.hod. The rules tell one how t.o 

detect. easily if the suggested small step will lead t.o a 

thermodynamically feasible network.Before listing these 

evalutionary rules, a paramet.er should be introduced 

which is called "freedom of a heat exchanger", 

F = CPL ( llTS- llTm:l. n ). ( 10 ) 

In t.his equation, II TS is the smallest actual temperature 

difference within heat exchangers and CPL is the larger 

CP of the two st.reams matched in an exchanger.Parameter F 

has the same physical dimension as a heat load. The 

purpose of int.roducing this parameter is to ease 

methodical investigation of t.he effects of changes in the 

positions of exchangers.The maximum load which can be 

shift.ed through an exchanger in a simple case is equal 

to the freedom as defined by Equation 

load will merely reduce the 

10. Shi f t.s of 

smaller freedom of the 

exchanger by the size of the load. 

Figure 2.8(a) summarizes the effects that simple 

shifts of heaters and coolers have on an exchanger's 

freedom; shifts according to rule No.1 (t.hat is, along 

the st.ream wit.h.the larger CP) will alter the exchanger's 

freedom by the heat load of t.he cooler (or heat.er) which 

is shifted. The effect of shifts according t.o rule No.2 

(t.hat. is, along t.he stream with the smaller 

greater by the factor CPL/CPS (where CPS is the 

CP) is 

smaller 

CP of t.he two streams ~atched in anexchanger).To make it 
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easily recognizable which one of the two streams has the 

larger CP, the following conventions are developed by 

Linnhoff and Flower [15]: 

1) To situate an exchanger's reference number in the node 

on the stream with the sm~ller CPo 

2) To. replace the node on the stream with the larger CP 

by a triangle as a qualitative indication of the 

temperature profile within the exchanger.Thus, it will 

al\,lays point, like an arrow, towards that side of the 

exchanger at which the smallest actual temperature 

difference is found.In the case of equal CPs for both 

streams, two circles may be retained.For exchangers in 

which the freedom is zero (that is, !J. Tm:i.r, is reached), 

the triangle or one of the circles (in case of equal CPs) 

may be blacked out. 

In Figure 2.8(b), bI0 more rules are given. They are 

concerned with cases in which the heater (or cooler) in 

question is shifted from one stream to another.Such 

shifts not only aff~ct the freedom of the exchanger but 

also affect its 10ad.On the other hand, the effects are 

independent of the heat capacity flow rates so the 

exchangers are not shown in full detail in Figure 2.8(b). 

It is clear that the di~ection of each shift shown in 

Figures 2.8 (a) and (·b) may be reversed and that coo'l er s 

may be shifted instead of heaters or vice versa. The 

effects on load and freedom of the exchanger concerned 

would be equal in magnitude to the effects sho\,ln in 



45 

FiQures 2.8 (·a) and (b) but opposite in sign.Furthermore. 

those combinations of rules No 1. to No 4. are sho"Tn in 

FiQure 2.8<c) which have been claimed to be of practical 

value.Each of these combinations. RQain, could be applied 

with reversed direction and reversed siqn_ 
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2.2 PINCH METHOD 

The most recently developed heat integration 

technique is the pinch method [3,4,6,7,8,9,25,26,27,28]. 

The method involves two phases: data analysis and net",ork 

design. 

Data analysis yields targets that correspond to the 

performance characteristics of the economic optimum 

net",ork.These targets are invaluable when dealing with 

complex integration problems, and give confidence to an 

engineer's current design 'or stimulate the engineer to 

search for a better solution.Furthermore, the targeting 

procedures give a new insight into a very simple but 

'fundamentally important decomposition of the original 

problem into several parts. 

TABLE 4. DATA FOR SAMPLE PROBLEM 

STREAM STREAM TEMPERATURE (e>C) HEAT CAPACITY 
FLm'{ RATE 

NUMBER TYPE SUPPLY TARGET (kW/""C) 

1 HOT 270 ~ ·160 3.0 
2 HOT 250 130 1.5 
3 COLD 120 235 2.0 
4 COLD 180 240 4.0 

Having obtained the targets, one can start to design 

the network with the most constrained part, namely the 

pinch.This constitutes the second phase of the method. 

Some concepts (1. e. temperature/enthalpy diagram, 

grid representation, problem table method) which make use 

of both previous al~orithms and pinch technique are 
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highlighted in section 2.1 and will be discussed in 

details here. 

2.2.1 The Pinch 

In this sub-section the phenomenon of the pinch 

itself. is discussed.The discussion is in five 

parts.First, the procedure of locating the pinch is 

given. Second, the physical significance of the pinch and 

its implications on utility usage are described. Third, a 

powerful representation for both the pinch and heat 

exchanger network stream data is explained.Fourth, the 

industrial problems are considered from this method's 

.point of view.Finally, the implications of pinches on 

capital cost are discussed. 

2.2.1.1 Locating the Pinch 

The task of locating the pinch is illustrated by 

using an example problem fbI' which stream data are given 

in Table 4. Problem Table algorithm of Linnhoff and 

Flower [15J will be first explained to show how this task 

is performed. 

The feasibility of complete heat exchang~ between all 

hot and cold str~ams is an important feature of the 

algorithm.To ensure this feasibility a minimum approach 

temperature difference should be allowed between the hot 

and cold stream temperatures anywhere in the system.This 
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necessiates a temperature adjustment which can be made in 

.two different ,,,ays.The first method is applicable in ·the 

case of predetermined global llTmin.This global 

value is subtracted from the supply and target 

temperatures of the hot streams, yielding adjusted 

temperatures. These adjusted temperatures and the supply 

and target temperatures of the cold streams are listed 

and ranked in order of decreasing values.Any duplications 

are ignored to get the final list.The final list is shown 

in column. 2 of Table 5. As it is indicated, this column 

belongs to the cold streams.For the hot streams one 

should add llTmirl to the temperatur.es listed in column. 2 

t.o get. column 4 of t.he same table. The cold and hot 

streams running from their ·supply to target temperatures 

are represented by arrows in the second and fourth 

columns respectively. The arithmetic means of the 

corresponding values of column 2 and 4 are listed in 

column 3.Every temperature in that column is known as an 

interval boundary temperature and is an upper and/or 

lower. bound of an interval called a subnetwork.Generally, 

the following expression holds [15J 

NSN ~ 2z-1 
J . 

( 11 ) 

the equality applying in cases' ,.,here 
, 
no 

temper~tures coincide.In the above expression,NSN is th~ 

nUIaber of subnetworks ~nd z is the number of streams in 

the problem.With the conVention introduced in Chapt.er I, 

z can be shown as follows 

z= M+N ( 12 ) 
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The second method to adjust the temperatures is 

applicable in case of match dependent minimum allowed 

temperature.Let the hot streams to cross temperature 

interval boundaries at Tt..,+(1/2 6T",j.rt) and cold streams 

to cross at TI:;,-(1/2 6 T IT1 :1.,-,). The value o.f 6Trnir, in any 

match is then simply the sum of the matched 

contrioutions.ln problems where a global is 

appl i cabl e, the con t r ibu·t ions become simply 1/2 6 Trn:l. r·' . 

The fifth column of Table 5 sho",s the heat capacity 

f low rates of the subnet'l'Torks. The values are obtained by 

employing the following equation. 

Cp~= [E Cp - E Cp]:I. ( 13 ) 
Hot Cold 

For the third interval in our example, the application of 

this equation results, 

Cp3= [(3.0+1.5)-(2.0+4.0)]= -1.5 kW/oC . 

For each subnetwork, there should be either a net heat 

deficit or surplus but never both.Deficit or surplus 

figure~ calculated by the follbwing equation are listed 

in the sixth column. 

( 14 ) 
~ .. 

Again for the third interval, Equation 14 yields, 

After completing interval heat balances, the next step is 

the heat cascading. The procedure is in l'\'TO stages .First, 

one assumes that the heat supplied to the first 

subnetwork equals zero and calculates the heat flows 

passed on intervals by using the ~quation below: 
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( 15 ) 

For the calculation of 01, OQ is the heat supplied to the 

first in~erval and generally denoted by Ot",.Like\'lise, in 

our example problem, O~ is the heat rejected to the sink 

utility and denoted by O~. 

Column 7 in Table 5 shows the heat f 1 0\1S 

from a"value of Oh=O.Between intervals 3 and 4, 

flow is negative (-20.0 kW), i. e. , an 

resulting 

the heat 

infeasible 

condition. The negativity here, implies that heat flows 

against the natural temperature gradient or in other 

\'lords, it implies that the second rule of thermodynamics 

is violated.To remedy this situation, an extra 20 kW of 

heat (i.e., the largest infeasible flow) is supplied from 

the external source. The resulting heat flows are all non­

negative, and are shown in column 8 of Table 5. 

Column 8 yields three important items of 

information.First, the minimum heat supply from external 

heat sources, necess~ry for feasible heat flows, is 20 

kW.Second, the corresponding minimum heat load on 

e:.:ternal sinks is 60 kvl.Third, there is a point in the 

temperature range having zero heat flow. The dark line 

betHeen intervals 3 and 4 emphasizes this point at Hhich 

the cold and hot streams have temperatures of 180 °C and 

190 c"C, respectively.From now on, this ~oint Hill be 

call ed as "the pinch". 

2.2.1.2 Significance of the Pinch 
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The causes and effects of using more than the minimum 

utility usage may now be discussed.Remember that, during 

cascading heat is supplied to the region above the pinch. 

(hot end) and it is removed from the region below the 

pinch ( col d end) . So, it is possible to refer t..J~ __ p_ot end ---
as a heat "sink" and the cold end as a heat "source". 

Fiist consider the effects of removing heat X kW from 

the sink (Figure 2.9(a).This pro~ess necessiates the 

usage of extra X kW hot utility and increases the 

operating costs.Figure 2.9(b) shows the second possible 

case where X kW heat is supplied to the source.An 

analogous effect can be observed, this time increasing 

the consumption of cold utility.Finally, Figure 2.9(c) 

shows the effect of transferring heat across the 

pinch.Any heat transferred must, by enthalpy balance 

around the sink, be supplied from the hot utility in 

addilion to the minimum requirement.Similarly, enthalpy 

balance around lhe source shows that the heal transfer 

across the pinch also increases the cold utility above 

the minimum required.In other words, heat lransfer across 

the pinch incurs the double penalty of increased hol and 

cold utility requirement for the heat exchanger network 

design task. 

Three principles arrived as a result of above 

observations suggest a general approach for the overall 

process-heat integration.They should always be kept in 

mind if the designer is to produce optimal solulions.As a 

summary; 
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Figure 2.9- Heal transfer principles at the pinch 

it Do not transfer heat across the pinch.Any heat flow 

across the pinch must result in the same amount of heat 

being added to every other heat flow in the problem in 

order to maintain the interval heat balances.Thus, a 

transfer of X units of heat across the pinch must result 

in increased utility requirements <OM and b~) by X units 

each. 

'* Do not use cold utility above the pinch.Above the 

pinch, systems having a minimized heat flow do ndt reject 

any heat.Despite this, if one ch06ses to reject heat into 
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a utility sink, he must provide the same amount of heat 

through utility heating. Thus, X units of cold-utility 

usage above the pinch result in X additional units of 

hot-utility usage. 

* Do not use utility heating below the pinch.Below 

the pinch, systems having a minimized heat flow do not 

absorb any heat.Any heat supply through utility heating, 

X, must therefore lead to a cold-utility requirement of 

X, over and above the minimum necessary. 

2.2.1.3 The Pinch in the Grid Representation 

The heat exchanger network from the flowsheet in 

Figure 2.10(a) [4J can be represented in the grid form 

introduced by Linnhoff and Flower [15 ] see Figure 

2.10Cb).The advantage of this representation is that the 

heat exchange matches 1 and 2 (each represente~ by two 

circles joined by a vertical line in the g~id) can be 

placed in either order without the st.ream 

system. In the flowsheetrepresentation, if it ,vere 

desired to match recycle against lhe holtest part of the 

reactor effluent, the stream layout would have to be 

redrawn .Als·o, the grid represent.s t.he count.ercurrenl 

nat.ure of the heat. exchange, making it. easier to check 

e:.:changer t.emperature feasibility.Finally, 

easlly represented in the grid, 

represented on the flowsheet. 

\lhereas 

the pinch is 

it cannot be 
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The grid repr~sentation developed for the sample 

problem is illustrated in Figure 2.11. Notice that stream 

number four starts al the pinch.In fact in problems where 
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the streams all have constant CP's, lhe pinch is al "rays 

caused by the enlry of a slream, either hot or cold. 

2.2.1.4 Faclors Affecting lhe Occurence of Pinches 

As mentioned earlier in Chapter I, a pinch does nol 

occur in all heat exchanger network problems.Certain 

problems remain free of a pinch until the minimum allowed 

driving force, 

treshold value 

lo = 

~ Trni r"' 

/:'Tt""r""~~'h . 

is increased up to or beyond a 

In other ",ords, from /:, T rTlirl =0 

the need for a utility (hot or 

cold, but not both) is invariant, and thereafter the need 

for the second utility appears and both utilities 

increase in parallel showing the typical characteristics 

of a pinched problem. 

It is interesting to note that virtually all ~arly 

research ''lark in design \"las focused -by accident- on 

treshold problems. Linnhoff and Hindmarsh [25] conclude 

that this explains why none of the early work in heat 

exchanger network design generated much impact in 

industrial practice. Actually, treshold problems are 

rarely encountered in jndust.ry. Following discussion 

gives the reasons of this. 

In applying lhe problem lable procedure to the sample 

problem it was assumed that the utilities were avail~ble 

at extreme temperatures, i. e. the hot utility was hot 

enough and the cold utility cold enough for all process 

requirements.In pract~ce, this is rarerly desirable as 
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less extreme utilities tend to cost less, i . e. 1 o \,1 

pressure steam for process heating costs less 

pressure steam, . cooling water costs 

refrigeration, etc. There is often a good cost 

than high 
/ 

less t..han 

incentive 

for reducing extreme temperature. util,ity loads by the 

introduction of intermediate temperature utilities.The 

reasonlng in "significance of the pinch", tells us that 

any new hot utility must· be supplied above the pinch and 

any new cold utility must be supplied below the 

pinch.Failure to do so would incur the double penalty of 

increased utility heating and cooling. 

In Figure 2.12(a), a new hot utility supply has been 

introduced to the hot end of a hypothetical problem.As 

the heat load on this new utility increases, savings are 

'made on the hottest utility supply (see Figure 2.12(b». 

There comes a point when the hottest utility load is 

reduced to such an extent that it just satisfies the 

heating requirements in the hottest region of the problem 

(see Figure 2.12(c». The result is a division of the hot 

end of the heat exchanger network design task into two 

separate regions, i. e. a new pinch has been created. As 

it is a direct consequence of the introduction of the new 

utility, it is called a utility pinch. The problem table 

algorithm is easily adapted to cal culate . t.he ma;..:imum 

loads on intermediate temperature utilities and ·the 

resulting utility pinch locations. 

With this understanding it is hardly surprIsing to 

find that, In industrial heat exchangel' netvork design, 
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the occurance of an unpinched or lreshold problem is 

e:-:tremely rare. The pinched problem is the nann. 

2.2.1.5 Capital Cost Implications Qf the PInch 

Before Jiscussing the capital cost lmplicaticn~ of 

the pinch, it will be helpful to remind the ~minimu~ 

numb!:?!- of units" targeting equat.icln given pl-eV10T.Isly in 

so:?ctlon 2.1.2.1. 

Urn .1 .-.= N - 1 ( 7 ) 

Application of this equatio~ to the hot and cold ends 

of the sample probfem l~ads four and three units 

respectiv21y, making a total of seven unIts to compl~te 

the design.Note that by accepting the pinch division, 

stream Nos. I, 2 and 3 are counted twice by the targeting 

equation.They e:...:ist in~both the hot and cold ends. Now, 
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apply the targeting equation singularly to the whole 

problem.Stream Nos. 1, 2 and 3 are no longer counted 

bvi ce and the target for the minimum number of units to 

complete the design is five. Under such conditions to 

achieve a five unit design means that either: 

* " "X" amount of heat must be transferred across the 

pinch, incurring the double penalty of increased hol and 

cold utility usage or 

*" the· ,6Trnin constraint initially imposed can be 
1 

., 

relaxed in certain exchangers subject to ~·T"'ir~ > o. 

In the first case there is a cost trade-off between the 

number of capital items and the utility usage.In the 

second case there is a cost trade-off between the number 

of units and surface area. The exploration of these trade-

offs is fully discussed in section 2.2.4. 

2.2.2 Data Analysis 

As it is indicated earli~r, data analysis is the 

first. step in the applicat.ion of Pinch Technique.It 

yields the targets: 

--~ ..... -, 

i) Minimum utility consumption. 

ii) Minimum number of heat exchanger units. 

iii) Minimum heat transfer area. 
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(a) 
Enthalpy 

(b) 
Enthalp:y:\. 

Figure 2.11- Constr~clion of composite curves 
sample problem 

for the 

Determination of the first two targets i~ expl~ined in 

re'!':l..t.ed sect.~ons and will not be discuss?d any 

further.The third target, namely determination of minimum 

heat transfer area is in fact not important from this 

technique's p0int of view. Linnhoff and Hindmarsh 

S':-{p 1 :3 .. i n Widely differing solut.ions for the same 

problem generally feature similar Gve~all sucf3..ce are·J..s 

as long a3 thel !. Jagcee of enecgy recovery 15 

si~ilar.From this standpoint what. is i :1"~pO r t. an t. in 

early stagl'? of ne·t.work design is to generate net~lori:s 

satisfying the first and the second target.s since the 

heat. transfer area is Yi%ed wit.hin a few percent by one's 

specifying the ut.ilit.y usage for the network. 

Since temperatuc~/ent.halpy diagrams are used for the 

. \ 
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determination of minimum heat transfer area, it "as 

considered to be useful to explain the construction of 

these diagrams priorly.The data of the sample problem 

(see Table 4) will be used for this purpose. 

In Figure 2.13(a} two hot streams - represented by 

the lines with the arrow heads poinling to the left - and 

two cold streams - represented by the lines \/i th the 

arrow' heads pointing to the right are plotted 

separately.Here, an imporlanl property of T/H diagrams 

should be remembered; since we are only interested in 

enthalpy changes of streams,' a given stream can be 

plotled anywhere on the enlhalpy axis.Provided it has lhe 

same slope and runs between the same supply and tar gel 

temperatures, lhen wherever it is drawn on the H-axis, it 

represents the same stream. 

vhlh CP assumed constant, for a slream requiring 

heating from a supply to a target temperalure, the lotal 

heat added will be equal to lhe stream enlhalpy change, 

i. e. 

T1;:. 

0 = J CP dT ( 2' ) 

T,,~ 

For a slream requiring cooling from a supply <T",,)to a 

target temperature (T1;,,) , lhis equation is aPl?licable ,.,ilh 

in case of hol slreams.The slope of the line representing 

t.he stream (hol or cold) "i" is, 

dT/dO= l/CP~. 16 ) 
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Temperat.ure values at. which t.he slope of a composit.e 

curve changes are known as "corner point.s". 

Furnished with the informat.ion given above, it is now 

possible to const.ruct. 

problem. The hot. st.reams, 

T/H diagram of t.he 

wit.h t.heir supply and 

sample 

t.arget. 

t.emperat.ures define a series of int.erval t.emperat.ures 270 

t.o 130- r."C. Bet.ween 270 and 250 oC, only st.ream 1 exist.s, 

and so t.he heat. available in t.his int.erval is given by 

270-250). However bet.ween 250 and 160 =C, both of 

t.he hot. st.reams exist. and so t.he h~al available in t.his 

int.erval is (CP 1 +CPz 1 (250-160).Bet.ween 160 and 130 oC, 

only st.ream 2 exist.s, ~,i t.h a hea t. load of 160-

130).The series of values of H for each int.erval can be 

obt.ained in t.his way, and t.he result. re-plot.t.ed against 

the temperature intervals. The result.ing T/H plot. is a 

single curve represent.ing all hot. streams.A similar 

procedure gives t.he composite of t.he cold st.reams in the 

sample problem.Bot.h composite curves are shown in Figure 

2.13(b).The overlap bet.ween these curves represent.s the 

maxiuluIfl amount of heat. recovery possible within the 

process.The over-shoot of the hot. composite represent.s 

the minimum amount of exlernal tooling required and t.he 

overshoot. of the cold composite represent.s the minimum 

amount. of ext.ernal heating.Becouse of t.he kinked nature 

of the curv'es, they approach most. closely at. one 

point.This is the pinch point which is located earlier by 

an analyt.ical procedure called problem table met.hod.If 

one set.s t.he vertical dist.ance belween the hot. and cold 

, i 
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composit.es at. pinch point. t.o A T",~r., he can read t.he OM 
''0, 

and 0= values on lhe H axis of T/H diagram.For the sample 

problem, vi t.h a given A Trni r> of 10 '::'C, t.he dashed lines 

in Figure 2.13(b) project these requirement.s on H axis. 

Having completed the construction of composit.e 

curves, t.he next step is to divide up these curves into 

simple"countercurrent sections.The procedure is to drav 

lines from the corner points lying on the hot composite 

in downwards direction and to draw lines from the corner 

points lying on the cold composite in up\"ards 

direction.For each section obtained, \'ie have a hot 

superstream formed by one or more hot process streams and 

a cold superstream formed by one or more cold process 

streams.Heat contents of these superstreams and log-mean 

temperature difference for each sect.ion can be computed. 

To minimize t.he overall heat transfer area, the stream 

matches should be done "vert.ically" bel\'leen the composite 

curves since only lhis arrangemenl is equivalent to pure 

countercurrent flow in a single heal exchanger. In Figure 

2.14, section ABCD shows (he vertical matches.Any mat.ch 

away from the vertical (e.g .. section CDEF) will gain the 

local advantage of a larger·:'J:!:. T. However, it uill lat.er 
- \,,' 

require a match in the opposit.e direction (uith a smaller 

A T) . The net effect. of stich "criss-crossing" is an 

increase ln t.he area requirement. 

For a syst.em in which heat t.ransfer coefficients are 

uniform, the assumption of vertical stream mat.ching leads 

to rigorous minimum area. By applying the conventional 

r'1 
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L-_B _________ --+,Entha 1 py 

Figure 2.14-Criss-crossing malchups belween lhe composite 
curves 

heat lransfer equalion Q = V.A. 
\ 

• 

6. TI.. .. M toe a c h sec t ion, a 

total area is obtained. For nonuniform heat transfer 

coefficients, the verticai model is a simplification~ 

However, a useful numerical approximation tha~ appl~es to 

this siluation is given by Towsend and Linnhoff [27J: 

1 [ ~ [ 
q.i 

] J At""'~-\OI ... t = i: 17 ) 

i 6. Tl .. M:I. hoi 
:I. 

where, in section i, there ar~ j slreams (hot and cdld) 

with their individual heat loads, q..1 , and their 

respective stream "film ,and fouling" coefficient, h..1. 

is the log-mean' temperature difference in section 

i .As it is indicated in [27J, this equation provides a 

useful estimale of minimum overall heal exchange area 

wilh the accuracy within 10 per c~~l. 
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After the determination of target (iii), the data 

analysis step is comp 1 e ted. The fo 11 ovling task is 

perform the design of a network 

targets mentioned above. 

2.2.3 Network Design 

that can reach 

to 

the 

In this section, the discussion begins with. the 

philosophy of the method and is followed by details of 

the actual procedure, namely the development of 

"feasibility criteria" ,-,hich quantify the restrictions 

placed on design by the pinch, the use of a "tick-off 

heuristic" to ensure the design is steered towards the 

fevlest possible urllts and the solution of the "remaining 

problem" allowing consideration of process constraints 

and other requirements. 

2.2.3.1 The Philosophy 

The pinch represents the most constrained region of a 

design; afLer all, t. Tryd ... e>:ists bet,>leen all hot and cold 

streams at the pinch.As a result the number of feasible 

matches in this region is severely restricted.Quite often 

there is a crucial or "essential" match.If this match is 

not made, 

pinch and 

this will result in heat transfer across ihe 

thus in increased hol and cold utility 

usage.The pinch design method, therefore 

• 
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* recognises the pinch division 

* starts the design at the pinch developing it 

separetely into two remaining problems. 

This approach is completely different from the normal 

intuitive approach of starting the design at the hot side 

and developing it towards the cold.When a design is 

started at the hot side, initial design decisions may 

later necessitate follow-up decisions which violate the 

pinch.On the other hand, when a design is started at the 

pinch, initial desigrt decisions are made in the most 

constrained part of the problem are less likely to 

to difficulties later. 

commencing a design al the pinch has 

lead 

the Thus, 

distinct 

essential 

advantage of allowing the designer to identify 

matches or topology options in the most 

constrained region of the design which are in keeping 

with minimum utility usage.There is a further advantage, 

namely the designer will always have the option to 

violate the pinch if required with full knowledge of the 

final penalties to be incurred.When a match is placed 

knowingly in violation of the pinch the heat flow actoss 

the pinch can quickly be established.This heat flow is 

equivalent to the final increase in hot and cold utility. 

Once away from the. pinch the design task is no longer· 

so conslrained l}ence the nurnberof lopology options 

usually increases.This increase in the number of options 

can be used to advantage by the designer.After all, the 

, i 
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design objective is not just the identification of a cost 

optimal topology but also one vhich is safe and 

controllable.By discriminating betveen match options the 

designer can steer his design, using his judgement and 

process knovledge, 

practical network. 

towards a safe, c~ntrollable and 

In . deve 1 op ing the pinch design method this benefit 

has been recognised.As a result, the method does not 

"tell" the designer which matches to make but rather it 

inf6rms him of his options.In the temperature constrained. 

region near the pinch ~ssential matches are identified 

using feasibility criteria.The same criteria ·vlill inform 

the designer vhether there are options available at the 

pinch and vhether stream splitting is required.When 

designing away from the pinch the need for feasibility 

criteria diminishes and the method allows the designer to 

choose topologies based on process requirements. 

2.2.3.2 Feasibility Criteria at the Pinch 

The identification of essential match~s at the pinch, 

of available design options and the need to spI i t 

streams, is achieved by applying three feasibility 

criteria t.o the stream data at the pinch.Here, the 

introduction of a ne .. , term is necessary since In 

developing these criteria, reference is made to a special 

type of exchangers. "Pinch exchangers" (sometimes called 

"pinch matches") are the ones ;.;hich have the minlmum 

I i 
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terrlperat.ure approach, !::. Tmir., on at. least. one side and at 

the pinch.According t.o t.his definit.ion and also keeping 

t.he principles given in sub-sect.ion 2.2.1.2 in mind, one 

may conclude t.hat. a pinch match is t.he proces~s 

inter changer which brings a stream ~to it.s pinch 

temperature.As long as ut.ility cooling is not allowed 

above fhe pinch, hot streams should be brought to pinch 

temperat.ure by t.his type of exchangers. In case of "belo\', 

the pinch des ign" , utility heating is not allowed and 

cold streams should be brought. t.o pinch temperature by 

pinch exchangers.Back to Figure 2.11, the exchangers that 

fit into t.his definition are Nos. 1 and 2 for t.he hot 

end, and 3 for the cold end.Not.e that. exchanger number 4 

is not a pinch match. 

2.2.3.2.1 The Number of Process streams and Branches 

The first feasibility crit.erion concerns the stream 

population at the pinch. The population of hot and cold 

streams has t.o be such t.hat it will allow an arrangement 

of exchangers compatible with minimum ut.ility usage. 

Consider a hot. end design as in Figure 

2.15(a).Utility cooling above the pinch would violate t.he 

minimum utilit.y objective. Therefore, each hot stream h~s 

t.o be cooled to t.he pinch temperat.ure by process 

exchange.This is attempted in Figure 2.15(a) by placing 

pinch mat.ches between hot st.ream No.2 and cold st.ream 

No.5 and hot stream - No.3 and cold st.ream No.4.Not.ice, 
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CoJ 

Figure 2.15-(a) An infeasible hot end design at the pinch 
(b) Stream splitting at the pinch (25] 

:r.o\-i€:'v~r, that havln~ made these malche~ hot slream No.1 

connot be matched with ~lther c c·l Ll 

VIol at in g t. he 11 T ... I " can s L j' CI. i n 1. ! \loul d 

nO\-l be requlred above the pinch to cool stream No.1 to 

~he pinch temperaLure.Under such circunlstances. it. is 

said that lhe original stream data at the pinch is not 

compatible with a minimum utili~~ design. 

When this incompatibility occurs the streams at. t.he 

pInch nee:·d "correcting" by stream splItting (see Figure 

2.15lb). 2.y split.ting a cold stream an e~tra cold 

"branch" is creCl.t.ed, alloWIng a pinch match with hot 

stream No.1. 

To summarise,the hot end stream population at the 

pinch is compatible with a minimum utility design only if 

a, pinch wa.tch can be r'c:und for each hot stream.For thi s 

to occur the following Inequality must apply 

NH !> NC. ( 18-a ) 

where NH is the numbeiof hol streams or branches and NC 

, i 
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is the number of cold s t rearn"s or branches.Stream 

splitting may be needed to ensure that the inequality is 

fulfilled. 

The converse arguments apply below the pinch.To avoid 

utility heating each cold stream must be ~rought to pinch 

temperature by process exchange, see Figure 2.16.As a 

result, a pinch match is required for each cold stream at 

the pinch and this is possible only if inequality given 

belov holds 

NH ~ NC. 

Once again stream splitting may be necessary to 

that inequality is fulfilled. 

( 18-b ) 

ensure 

2.2.3.2.2 The CP Inequality for Individual Matches 

The second feasibility criterion is concerned ",i th 

temperature feasibility.As shown in Figure 2.17, 

temperature dri~ing force in a pinch match cannot 

decrease away from the pinch.For this condition to be 

fulfilled the folloving CP inequalities must apply in 

every pinch match.For a hal end pinch match, 

CPH ::; CPC ( 19-a ) 

and for a cold end pinch match, 

CPH ~ CPC ( 19-b~) 

where CPH is the heat capacity flowrate of a hal stream 

or stream branch and CPC is the heat capacity flowrale of 

a cold stream or stream branch. 

To illustrate the validity of lhis criterion, 
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Figure 2.16-Ca)An infeasible cold end design at the pinch 
(b) Stream splitting at,the pinch [25] 
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2.17-{a)A feas.ible pinch exchanger above the pinch 
(b) A feasible pinch exchanger below the 
pinch (25] 

consider Figure 2.11 and assume lhat stream No. 1 is 

matched to stream No . 3 above the pinch point.Applying 

.. ticJ~-off" rule to thal match 'results an exchanger with a 

heat load of 110 kW. 

By simple heal balance, the inl~l temperature of 

slream No. 1 to lhe exchanger is found to be 226.7 <::·C 
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which is completely infeasible.For a feasible match~ it 

should have been greater than or at least equal to 245 

°C. It is clear that the reason of this infeasibility is 

the violation of inequality 19-a. 

If an irrangement of matches fulfilling these 

inequalities is not possible then it is necessary to 

change one or more CPs by slream splitting. 

It should be noted that inequalities given above only 

apply at the pinch.Away from the pinch, temperat.ure 

driving forces may have increased sufficiently to allow 

matches in which t.he CPs of the streams matched violate 

t.he inequalit.ies. 

2.2.3.2.3 The CP Difference 

To underst.and the third feasibility criterion at the 

pinch it. is convenient. to define the "ep difference" .For 

a hot end pinch mat.ch, 

CP difference = CPC - CPH ( 20-a ) 

and for a cold end pinch match, 

CP difference = CPH - CPC. ( 20-b ) 

Similar equat.ions can be written for dlfferences in the 

overall sum of hot stream CPs and cold stream C?s at the 

pinch. Immediat.ely above the pinch, 

NC 1m 
Overall CP difference = L CPC - " CPH ... 21-a ) 

1 1 

and immediately below the pinch, 



Overall CP difference 
NH 

= I: 
1 

NC 
CPH - I: 

1 
CPC 

Figure 2.18 illustrates how the concept 

73 

( 21-b ) 

of t.he CP 

difference for an early identification of matches t.hal 

are feasible themselves bul are not c6~patible with a 

feaEible overall networ~.In Figure 2.18(a),· a case is 

the sum of the match CPdlff~renLeL ~qual~ 

t.he Clv""r&il d iff e:' en c. e . A 11 at 

lH plnch e:-:changers .F:igure 2.18(b) Ehc'llS a. llot. 

end pinch ciesign for·a dlfferenl pJoLleru uheT~ the pinch 

Jl!atch CP difference,s,· amount to le~s: Ulan the Leolal. In 

this casE' nol all str~ams at the pinch are involved 1:-.1 

pinch matches.Figure 2.18(c) shows a different ~roblcm 

r e:ll 

2 c;c .... O"" C; .. 01' HI.I_a -,-.. , 
5 

3 

(til 

eft 
-----ilij3 

-Q1... I,.~. -O-i . ; TOTAL 'lC,U""" C:. Ol",&, .. el: .1-1.' 

----tl' 
(e J 

Figure 2.18- (a) Two feasible pinch topologies showing 
that composite CP (b) Difference bounds lhe 
tolal exchanger difference (c)An infeasible 
match based on the CP difference [25J 
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again where the pinch match CP difference exceeds the 

total.The pinch match shown is feasible by itself since 

it. fulfills inequality 19-a but it is incompatible with 

the overall CP difference.The pinch match has a CP 

difference of six units whereas the tot.ed available is 

only four.Thus, it will not be possible to complete this 

design_A match between the remaining hot stream and the 

remaining cold stream, which is required to cool the hot 

stream to the pinch temperat.ure, is not feasible.We can 

generalise by saying that the CP differences of all pinch 

matches must always be bounded by the overall CP 

difference. 

2.2.3.2.4 Applications of Feasibility Criteria (Design at 

the Pinch) 

The solution developed for the sample problem (Figure 

2.11) does not necessitate any special effort since there 

are enough options for t.he designer to fulfill t.he 

feasibility criteria.However, in practice, more complex 

cases may be encountered requiring stream splitt.ing. 

Consider Figure 2.19(a), which shows an above-the-

pinch stream set..The population criterion is met, but. 

after the hot. st.ream of CP= 7.0 is matched against. t.he 

only cold stream large, enough (CP= 12.0), t.he remaining 

hot stream of CP= 3.0 cannot be mat.ched against. t.he 

remaining cold st.ream of CP= 2.0.If a hot stream were now 

to be split., the number count. crit~rion would not t.hen be 
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Figure 2.19- Applications of feasibility criteria [4] 
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Fi~ure 2.20- Algorithms for design at the pinch {a} Hot 
end design (b) Cold end design [4] 

E~~isfied and' a cold stream would then h~ve to be spiit 

as well! It is better to split the large cold stream from 

t2::.:t outset as. shown in Figure 2.19(b), producing a 

sclution with only .one spli~.Sl~p-by-step proc~dures f6r 

f'i...:::.ding· stream splits .aregiven. for above and· below the 

p~~ch in Figures 2.20Ca} and Cb) ·respeclively.Nole thal 

t~e below-the-pinch criteria are the "mirror image" of 

, i 
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those for above the pinch. 

Another important aspect or stream splilling at the 

pinch VTl 11, now be illuslrated by an example problem.The 

stream data are shown in Figure 2.2Ha) and the CP data 

are listed in Figure 2.2Hb) in "lha t is,called the "CP-

table" .Hot stream CPs are listed in the column on the 

left and cold stream CPs in the column on the right and 

the relevant CP criterion noted in the box over the 

table. There are blO possible ways of putting in the t\,10 

required pinch matches, shown at the top of Figure 2.21 

(c).In both of these, the match with the hot stream of 

CP= 5.0 is infeasible, hence we must split this stream 

into branches CP= X and CP= (S.D-X) as shown in the 

bottom table in Figure 2.21(cLNow, CP~··I= X or (S.O-X) can 

be matched with CPc= 4.0, as shown.However, one of the 

split branches has no partner, i . e. the number count 

criterion has failed and a cold stream must be 

split-Either CP(::;= 4.0 or CPc= 3.0 could be split, and 

Figure 2.22(a) shows CPc= 3.0 split into branches Y and 

(3.D-y);ro . find initial values of X and 

recom~ded that all matches except for one are 

Y it 

set 

is 

for 

CP equality.Thus in Figure 2.22(b), X is set equal to 4.0 

and Y set equal to 1.0, leaving all the available net CP 

difference concentrated in one match. The procedure 

quickly identifies a sel of feasible 

values.Starling from this set, it is then easy lo 

redislribute the available CP difference amongst the 

chain of matches, for example as shown in Figure 
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2.22(c).Thi~ design is shawn in the grid in Figura 

;: . 2 2 ( d ). Th e 'rl a yin v h i 0: h t. h':? bra n c h CPs 3. red i s t r 1 but e d 

is often dictated by the loads required on indivldual 

matches by the· "ticking-~ff" rule. 
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Figure 2.22- Determination of split branch flows [4J 

2.2.3.3 The "TicJ:-off" Heuristic 

Once a pinch topology has been cho~en. the cesign of 
.' 

as to }~€·ep capital costs at minimum, i . e. the final 

designs oughl to be steered tc.'\'laras t.he riliniYiiuI!I number e:f 

unit.~.This can be achieVed by employing a " t. i cl~ - 0 f f .. 

heuristic to identify the heat loads· on the pinch 

exchangErs. 

, The heuristic results directly from the targeting 

I2quat.ion for t.he minjmum number of units (~ee Equation 

7).This equation is satisfied if every malch brings one 

stream La ils target temperat.ure or exhausls a ut.ility.In 

t.his case, lhe malch is"said La "lick-off" lhe slreo.m or 

, i 
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utility, i. e. the stream or utility need no longer be 

considered part of the remaining design task. 

The pinch e>:changer s can usually be made to tick-off 

streams by choosing each exchanger load to equal the 

smaller heat load of the b/o streams ma t ched . The CP 

inequalities 19-a and 19-b will guarantee the possibility 

of choosing pinch exchanger loads by ticking-off streams 

as long as the stream CP remains constant with varying 

temperature and as long as cold and hot stream 

temperature overlaps do not require an excessive number 

of shells for a single pinch match. 

The tick-off heuristic is a "heuristic" as it can 

occasionally penalise the design by introducing the need 

for increased utility usage. Temperature driving force, 

essential elsewhere, may be used up excessively in pinch 

exchangers that are extended too far into the remaining 

problem.In such cases the designer can choose either to 

* reduce the load on the offending pinch match and 

run the risk of needing more than the minimum number of 

units 

* use another pinch topology in which the tick-off 

heuristic does not cause essential driving force to be 

used up. 

The problem table algorithm can be used to check whether 

a maximised pinch match load is in keeping with minlmum 
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utility usage.Consider, for example, a hot end 

design.Application of the problem table algorithm to the 

complete hot end would tell us that utility heating would 

be required and no utility cooling, i . e. the hot end 

effectively constitutes a treshold problem where the 

1.·'lITrn:l. r , specified is the treshold value. Now consider the 

situation where a pinch match has been identified and its 

load has been determined using the tick-off 

heuristic.There \,lill exist a "remaining problem" of hot 

and cold streams (strictly speaking parts of streams) for 

which a network design is required.The problem table 

algorithm can be applied to this remaining problem. One of 

two results would then occur. 

First,the algorithm may calculate that no utility 

cooling is required lo solve the remaining problem and 

the utility heating predicted would be the same as 

before.In this case the designer knows that the pinch 

match load he h~s assigned, using the tick-off heuristic, 

"1 ill not penalise the design in terms increased 

utility usage. 

Second, the algorithm may calculate that utility 

cooling is required for the remaining hot end problem and 

t.hat the hol utility usage would, accordingly, be 

increased.In this case. the designer knows that the pinth 

match load he has assigned, using the tick-off heuristic, 

is not compatible with minimum utility usage .. 

The above technique has been called remaining problem 

analysis [4J for obvious reasons.It is a dependable 
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mechanism to check lheconsequences of the application of 

the tick-off heuristic.However. due to lhe effort 

involved it should only be used in complex situations to 

'confirm key desiqn steps. 
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2.2.3.4 The Remaining Problem (Desiqn away from the 

Pinch) 

In accordance with the pinch desiqn method philosophy 

the designer is qiven a "free hand" once the temperature 

driving forces no lonqer restrict topology options. 

Thus when designing away from the pinch in the 

"remaining problem" matches are chosen discrimately by 

the desiqner to satisfy the process objectives.For 

example, 

control 

heaters and coolers can be placed for direct 

of stream target temperatures.Preferred topology 

requirements or ~aterials, safety and other constraints 

can be used to steer the placement of other matches. 

In addition. the remaininq problem analysis technique 

discussed in sub-section 2.2.3.3 is not only restricted 

for checking the placement of pinch matches.It can also 

be used to ensure that matches placed in the remaining 

problem are 

objective. 

compatible with the minimum utility 

However. in many problems it is not possible to reach 

the optimal solution though feasibility criteria at the 

pinch are fulfilled.An example will be given here to 

illustrate one of the problems which can be 

durinq desiqn. away from the pinch. 

encountered 

Consider the problem given in grid representation in 

Fiqure 2.23(a).Analysis of stream data shows a pinch al 

the supply temperature of stream No. 1 and the target 

temperature of stream No. 2 and hol and cold utility 
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requirements both of zero. The design problem is therefore 

entirely "belo", the pinch", with only one pinch match is 

possible, i.e. that between streams 1 and 2. 

This is a feasible match (CP:l > CP~): and if its load 

is maximised to tick off stream 2 (a load of 3000 kW), 

stream 1 is cooled to 400 oC.Here, the problem arises: 

stream 1 is no more hot enough to bring stream 3 up to 

its target temperature of 460 =C.Since. heating below the 

pinch is not allowed for a maximum energy recovery 

solution, the design step of ticking off stream 2 would 

lead to a design that failed to reach the energy 

tarqet.An alternative strategy is shown in Figure 

2.23(b).The load on the pinch match is limited to 600 k~ 

so that stream 1 remains just hot enough (at 480 =C) to 

brinq stream 3 up to its target temperature.However, the 

next match (between streams 1 and 3) also cannot be 

m~ximised in load, because now stream 2 has to be brought 

up to 420 =C by stream I.The load on the second match 
/ 

between streams 1 and 2 has to be limited, allm'linq a 

final match (between streams 1 and 3) to finish the 

desiqn.The phenomenon of stream temperatures and CPs 

causinq repeated matching of the same pair of streams is 

known as "cyclic matchinq". 

Cyclic matchinq always leads to structures containi~g 

loops (see sub-section 2.1.2.1) and hence more than the 

minimum number of units.The only way to avoid cyclic 

matchinq is to employ stream splitting away from the 

pinch.ln Figure 2.23(c) the heavy ·stre~m, stream 1, is 
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split into two parallel branches. and each branch matched 

separately to a cold stream.The two matches can no", be 

maximised to tick off the two cold streams without 

runninq into temperature problems. A U~~n desiqn results. 

Notice also that the stream split desiqn qives an element 

of flexibility to the network. The split stream bran5b--

flowra~es can be chosen within limits dictated by the 

cold stream supply temperatures. Thus if the branch 

matched against stream 3 is cooled to 180°C (the minimum 

allowed) it will have a CP of 9.4 and by mass balance the 

CP of the other branch will be 20.6. A CP of 20.6 in the 

branch matched against stream 2 leads to an outlet 

temperature on this branch of 354°C which is much hiqher 

than the minimum allowed.The same arqument can be applied 

to define the other set of limits based on stream 2 

supply temperature. The branch matched against stream 2 

then has a CP of 20 and an outlet temperature of 350 

7'C.The CP of the branch matched against stream 3 may 

therefore vary between 9.4 and 20 with the parallel 

limits on the other branch beinq 20.6 and 10.These 

results are summarised in Fiqure 2.23(c). alonq with the 

results for equal branch flows. This type of flexibility 

is normally available in stream split desiqns and can be 

very useful. 

2.2.4 Simplifyinq the Minimum Utility Desiqn 

Relaxation> 

(Enerqy 
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There is generally a scope to simplify minimum 

utility designs by a controlled reduction in the number 

of units.By transferrinq heat across the pinch and 

therefore increasing the utility usaqe the number of 

capital items can be reduced.There is a trade-off between 

units (capital cost) and the utjlity usaqe (enerqy 

cost).·In order to explore the scope for a controlled 

reduction in the number of units it is important to 

understand the concepts of heat load loops and heat load 

paths. 

Whenever a desiqn features more than the target 

minimum number of units for the whole problem. iqnoring 

the pinch. it is due to the existence of heat load 

loops.This situation is illustrated by an example in 

section 2.1.2.1 (Figure 2.4(c».The minimum utility 

design to sample problem shown in Figure 2.11 has one 

more unit than the definite minimum according to Equation 

7 . Hence there must be a loop in the design.Fiqure 

2.24(a) shows this loop by dashed lines. 

An important feature of every loop is that heat loads 

can be shifted around the loop from one unit to 

another. The load is subtracted from one unit. added to 

the next in the loop. subtracted from the next and so on 

around the loop .Aqain for· the sample problem, the 

exchanqer s fc,rminq the. loop are 2 and 4. Not e tha t uni t· 3 

is not a part of it. 

The load shifts always maintains the correct stream 

heat loads but the exchanqer duties are chanqed 

, , , 

and may 
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cause a violation of 11 T.,.,tr-, .However, driving forces can 

be restored usinq heat load paths. 

A path is a continious connection in the grid between 

a heater, heat exchangers and a cooler.Fiqure 2.24(b) 

shows the simplest form of a path. 

Load shifts alonq paths follow equivalent rules to 

load shifts around a 100p.Load is added to a heater, 

subtracted from an exchanger, added to the next exchanger 

in the path, subtracted from the next, and so on alonq 

the path until it is finally added to a cooler.Stream 

enthalpy balance is maintained but exchanger loads and 

operating temperatures are changed. This last feature 

means that a path can be used to restore driving forces. 

It is now apparent that load shifts around loops can 

form the basic mechanism for the reduction in the number 

of units.When the load shift around a loop leads to a 

reduction in the heat load of a unit which equals the 

load on that ~nit then the unit is removed from the 

design and the number of units is reduced by one.Back to 

sample problem. we may now discuss this procedure. 

A good choice of exchanger to remove is exchanqer No. 

4 as it has the smaller load when compared with exchanqer 

No. 2.Fiqure 2.24(b) shows the topoloqy and temperatures 

after the load of match No. 4 has been transferred to 

exchanqer No. 2.The h~at load of exchanqer No.2 has now 

become 120 kW while the loads of all other units are 

unchanqed as they were not part of the oriqinal 
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100p.There is now a violation in II T"':ln as reflected by 

the difference in temperatures 170°C and 165 °C.However. 

II T,..:lrt can be restored using the heat load path shown in 

the same fiqure.If we add a heat load X to the heater, 

then by enthalpy balance the load o~ match 2 must be 

reduced by X and the load on the cooler increased by 

X~Effe~tively we have introduced extra heat X to the 

network, thereby reducinq the load on match 2 by X.Here. 

we should keep in mind what has been indicated earlier: 

Match No. 3 is not a part of the original loop so we can 

not chanqe temperature of stream 3 on the hoi side of 

match 3 (165 °C).What we have to do is to calculate X 

that will increase the temperature of stream 2 on the 

cold side of match 2 to 175°C or in other words to 

formulate T = f(X). 

(120 - X) 

T = 250C"'> - = 175 0 

1.5 

Alternatively, applying the same loqic to the cooler. 

(60 + X) 

T = 13 D·'" + = 175<=>. 

1.5 

Solvinq either of the above equations yields X = 7.5 kW. 

Since llTm:l'·, is exa~tly restored 7.5 kW must be the 
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minimum ener9Y sacrifice to produce a design with minimum 

number of units. The relaxed solution is shown in Fi9ure 

2.24(c). 

It is important to distinguish between the 

elimination of units using heat load loops and paths and 

the mere replacement of units by heaters and 

coolers.Consider again the design shown in Figure 

2.24(a). The number of units can obviously be reduced by 

substituting exchanger No. 4 with an increased heater 

load on stream No. 3 and an increased cooler 'load on 

stream No. 2.The removal of exchanger No. 4, in this 

case, would necessitate a 30 kW increase in both hot and 

cold utility usage.By first redistributing the exchanger 

.load using a loop as above we found that the hot and cold 

utility increase ,",as only 7.5 kW.This is a substantial 

improvement over the 30 kW penalty incurred if the 

exchanger is simply substituted. 

Moreover, it is worth emphasising that the ~ T~~n 

constraint should not always be restored after a load 

shift around a loop. 

sho,",s a topology 

breakinq.Although a 

Consider aqainFi9ure 2.24(b) which 

from sample problem after loop-

~T",~" vio"lation occurs the network 

is stil~ thermodynamically feasible. 

Fiqure 2.25 illustrates some other aspects of loops 

and paths. The loop in Figure 2.24(a) is a simple .one 

involvinq only two units. In Figure 2.25(a) a more 

complex one is shown involving four units.However. the 

loop can be broken in exactly the same ",ay, that is 
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(a) 

<b) 

(c) 

Figure 2.25- Complex loops and paths [4J 

addinq and 5ublractiriq X units on allernative malches 

round the loop.In Figure 2.25(a) the loop breaks when X 

equals either or L4.Note that the addlnQ and 

5ubtractinq could have been done in the alternalive way. 

in which cas~ it would break when X equals either L~ or 

, i 

90 
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L~.Inother words, there are two ways of breakinq the 

100p.This is true of the loop in Figure 2.24(a)(90 kW 

could have been subtracted from match 2 and added to 

match 4), and in fact 

possible a priori to say 

is true of all 100ps.It is not 

which way will lead to the 

smallest energy relaxation.A qood rule of thumb given by 

Linnhoff et. al.[4J is to go for the way that removes 

the smallest unit.Note that, when there are, say, t\,lO 

loops in a system, it may be possible to trace out more 

than t,\,lO closed routes. This should not cause confusion if 

it is realised that" the number of independent loops is 

always equal to the number of excess units ( > N-l) in 

the system. Note too that loops can include heaters and 

"coolers, as illustrated in Fiqure 2.25(b). 

A complex path is shown in Figure 2.25(c), and again 

the alternate addition and subtraction of the load X 

works in just the same way as for the simple path.Note 

that althouqh the path goes throuqh match No. 1 in this 

example, match No. 1 is riot a part of it.Its load is not 

changed by the enerqy relaxation, but the temperatures on 

stream No. 4 on either side of it are chanqed.When a 

similar situation Qccurs withiri a loop it is possible for 

the exchanger that does not underqo a load chanqe to 

become infeasible.Hence the need to recalculate all 

temperatures after loop-breakinq. 

2.2.5 Desiqn for the Multiple Utilities Case 
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So far in the discussion. the possibillty of using 

many utility levels has not been considered. This is 

clearly unrealistic. and a method is required to deal 

with the problem.In the Problem Table algorithm for 

targeting, the implicit assumption is that hol energy 

utility is hot enough to perform any 

that cold utilily is cold 

required heating 

duty .. and enough for 

cooling duty. The Problem Table can ho\V'ever be. adapted 

caler for the multiple utilities case [4]. 

2.2.5.1 The Grand Comp'osile Curve 

any 

to 

Figure 2.2S(a) sh6ws a schematic heat cascade diagram 

(of the type introduced in section 2.2.1.2). The pinch 

divides the cascade into the process heat sink above 

pinch temperature. 

pinch temperature. 

and the process heat source bel 0'" 

The heat sink above the pinch and the 

heat source below can be characterised as shO\V'n in Fiqure 

2.2SCb)' The heat flows from the cascade on the left of 

Fiqure 2.2S(b) are shown plotted aqainst their respective 

interval boundary temperatures in the graph on the 

right.The result is a graph' which characterises the 

process source and sink in temperature-enthalphy terms 

[28]. The graph above the pinch represents a sort of "net 

process cold stream" against "'hich hot utilities can be 

matched in countercurrent flow.See th~ top parts of 

Figures 2.27(a) and (b).Similarly the graph below the 

pinch represents a sort of "net process hot stream" 
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against \>lh i ch cold utilities can be mat.ched 

countercurrently.See the bottom parts of Fiqures 2.27(a) 

and (b).Note thouqh that below the pinch the net process 

hot stream (from now on it will be called "process source 
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profile") runs in the reverse direction to that 

previously used for hot streams. This arises simply out 

of ·the construction method shown in Fiqure 2.26(b). There 

is little point. however. in dissectinq the graph to turn 

the process source profile around to make it consistent 

with the more usual hot stream representation.In fact 

there is a positive advantage in leaving it as it is. The 

point of gradient change at zero heat flow where the 

process source profile and the process sink profile (i.e. 

the net process cold stream) meet. clearly represents the 

pinch. 

In the shaded regions shown in Figure2.27(a) the 

analogy with single stream heat exchanqe breaks down. 

Above the pinch. section AB of the graph represents the 

heat surplus temperature interval No.2(Figure 2.26(b». 

It therefore represents a "local" heat source in the 

midst of the net process heat sink. Similarly below the 

'pinch. section·FE represents a local heat sink <interval 

No.6) in the ~idst of the net process heat source.By the 

heat cascadinq principle. the heat available in AB is hot 

enough to be transferred into the process sink anywhere 

between the pinch and point B. Hm'Tever. if it is 

transferred into CB. then it is transferred at the 

minimum possible driving fotce. This allows the best 

possible use of low temperature hot utilities (i.e. over 

the region between the pinch and point C). Similarly, if 

below the pinch the heat required by FE is taken from DE. 

the best possible use can be made of hiqh temperatute 



95 

cold utilities. Thus in the shaded reqions in Figure 

2.27(a), the process effectively takes care of itself, 

i.e., it is in enthalpy balance.It is only those parts of 

the graph outside these reqions that 

process source and sink profiles. 

represent the 

Normally, the designer wants to maximise the use of 

the least expensive utilities. This in turn usually means 

that we want to maximise the use of the coldest hot 

utility and the hottest cold utility. The above the pinch 

graph 

2.28(a). 

from Figure 2.26(b) is reproduced in Figure 

Suppose the lowest level steam available on the 

site has a condensing temperature of 165 mc, and that 

t. Tmirl for the network problem is -10 ':"C.When plotting 

this level on the grand composite curve, it must be 

plotted at (165 "'C -1/2 t.Tmi,,) 160 ':'>C.This is because 

all temperatures in the grand composite curve are 

interval boundary temperatures, i.e. 5 0 below hot stream 

. temperatures and 5 =C above cold stream temperatures.The 

utility line numbered 1 in Fiqure 2.28(a) at 160 =C 

represents the steam at 165 ~c. It shows that the maximum 

amount of steam that can be supplied at this level 600 

kW. The other 400 kW must be ~upplied from high pressure 

steam. Another question that may rise at this step is 

related wi th the minimum temperature of the 10\'1 pressure 

steam. The answer is. given by the utility line numbe-red 

2, showinq tha£ 600 kW can just be supplied at an 

interval boundary temperature of 137.5 uC, i . e. a steam 

condensinq temperature.of 142.5 0C. If the low pressure 
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steam level IS lowered any further. then the amount that 

can be supplied from it m~st fall. So. fbI' e>:arflple. if 

the steam cc'ndensinq temperature is 135 "C (utIlity lIne 

3 ) • then only 480 kW can be supplIed at this level and 

high pressure steam must be Increased from 400 to 580 kW. 

Figure 2.28(b) shows simIlar principles applied to 

cold utilities placed below the pinch (no\" . on a 

different example).' It is desired to raise steam for the 

1 0\·' pressure rnain at 140 interval boundary 

temperature.lf the desiqner wants to find what IS the 

.rnaximum amount of steam-raising possible against the 

qiven process source pr~file. Knowinq the shape of .th~ 

steam-ralsinq pre-heat/evaporation from physical 

properties. it can be constructed on the qraph so that it 

Just touches the process source profile at some point. 

The profile that it just-touches Clives the maximum steam-
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raisinq possible, as shown in Figure 2.28(b). The rest of 

the utility coolinq must be done by lower temperature 

utility, in this case cooling water. Note th'at the point 

of closest approach for the steam-raising line is not 

necessarily at the saturation point. Note too that the 

variable temperature cooling water is truly represented. 

2.2.5.2 Designing for Many Utilities 

The Grand Composite Curve constructed from Problem 

Table analysis can be used as a design tool by the 

engineer wantinq to specify utilities. Using the 

objective of maximising the use of the least expensive 

utilities, the shape of the grand composite curve often 

dictates the most appropriate choice of levels and loads. 

This is illustrated in Figure 2.29(a). in many 

processes there is no "natural" choice of utility levels 

and loads. as illustrated in FIqure 2.29(b). Several 

choices and combinations of choices are possible in the 

low temperature region of this problem. Using many levels 

in this reqion clearly reduces driving forces between 

utilities and process. 

for steam-raisinq etc. 

complexity in design. 

and so reduces the operating cost 

However. each extra level "costs" 

The designer needs to balance the 

gain in running cost aqainst the increased capital cost 

brouqht about by increaslng the number of levels. 

Des i gn ",i th multiple utilities ",i 11 no\" be 

illustrated by an example. Ths process stream data are 
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given in Fiqure 2.30(a}. If this data set is analysed by 

the Pr6blem Table method for then the 

cascade diaqram shown in Figure 2.30(b} is obtained. From 

this diagram, the Grand Composite Curve shown in Figure 

2.30(c) can be plotted. Suppose that" VLP (very lo\>, 

pressur~) steam at 110 ~C from feed water at the same 
t ... • " '.~ . 

, .I')." 

temperature is asked to be raised.If the global A 1'tni n of ... 

10°C also ~pplies to utilities, then the cold utility 

line for the VLP must be drawn under the process source 

profile at 115 ··"C. This is shown in Figure 2.30(c). where 

it is also shown that the maximum VLP steam-raising 

possible is 460 kW out of a total cold utility 

requirement of 2000 kW. 

Having obtained the energy targets for the problem. 

obtaininq the number of units target is shown in Figure 

2.30{d). Note that in the grid representation the VLP 

cold utility has been drawn as a cold stream. In general, 

wherever utilities fall within the temperature range of 

process streams they should be drawn in the same way as 

process streams. This is because temperature- cannot be 

ignored in relation to these intermediate utilities. 

The network can nm'l be designed by the "Pinch Desiqn 

Hethod" . yielding the solution shown in Figure 2.31(a). 

The philosophy of .the Pinch Design 14elhod is to start the 

desiqn .at the pinch ~nd move away.However. whel-e there 

are two pinches. designing a~ay from each into the region 

in be t\'leen them can clear ly 1 ead to a confus i on. The 
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Figure 2.31- Multiple utilities example: design [4] 

recommendation by Linnhoff eLal.(4] governing this 

situation is Lo desiqn away from the most constrained 

pinch first.Hence in Fiqure ~.~l(a) .. above the 115 =C 

'pinch (CP~-I ~ CPc ) stream 4 must be matched wlth steam-

ralslnq (\-lhose CP is infinity> but stream 2 can be 

matched with any of the cold streams.Below the 

plnch. however. stream 1 must be matched 

aqainst stream 4. There are no options. Hence this is the 

first desi~n step, ticking off stream 1 between the 

'pinches (match 2) . As already mentioned, match 5 is 

eSSential. and ticks off the residual on stream 4.Str~am 

2 can then be brouqht down to the 115 '::'C pinch by 

m~tchinq either against stream 3 or against steam-
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raisinq. In Fiqure 2.31{a> it is matched against steam-

raising (match 4). leaving match 3 to tick off stream 3 

and the residual on stream 2.If stream 2 has been brought 

dO,"ln to the 115 wC pinch by stream 3 instead of steam-

raising, matches 3 and 4 would simply have ended up in 

the opposite sequence. 

Design above the 145 ~C pinch is straightforward by 

the pinch desiqn method.Design below the 115 ',"C pinch. 

requires streams 3 and 4 each to be split into 

parallel branches. 

A maximum energy recovery design has been produced 

havinq two pinches and c6nsequently having 10 units as 

demonstrated in Fiqure 2.30(d). At this step the designer 

wants to see what simplification can be achieved by 

sacrificing some of the VLP steam-raising, s",itchinq it 

to coolinq water.lf the 115 °C utility pinch is removed, 

the units target for the whole problem becomes seven. The 

scope for simplification is therefore three units.Also. 

the lwostream ~plits should not be needed. Breakinq the 

loop shown in dotted line in Figure 2.31(a) leads to the 

lopology shown in Fiqure 2.31(b). Note that both matches 

4 and 7 and the two stream splits disappear by thi s 

operation.Also, matches 3 and 6 can then simply be merged 

lo form a new match (match 9 in Figure 2.31(c». Hence 

three units are .eliminated.Recalculating temperatures. 

matches 5 and 8 have a 4 ';;'C !J. Tm:l. n violat ion. Thi s can be 

restored by shifting 160 kW of load from VLP steam-

ralsinq to coollnq water, givinq the design shown in 
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Figure 2.31(c). 

Thus by "backinq off" to 65 percent of the maximum 

possible VLP steam-raising, a design is produced that 

saves three units and two stream splits. 

2.2.6 Retrofit Desiqn 

So far the applications of Pinch Technique to 

"grassroots" desiqn are handled. In this section another 

important subject, contributions to retrofit desiqn will 

be summarised. There are few articles written on this 

[4,8,9,27.29] since main interest has been subject 

focused on qrassroots design for several years.In fact, 

numerous installed plants have to be 

enery and capital. 

improved ·to save 

As it is indicated by Tjoe and Linnhoff [27], a 

design engineer can not follow the rules of a qrassroots 

design to reach a qood retrofit. A qood retrofit exploits 

opportunities and may make the process quite different 

from the optimum qrassroots desiqn. It should always be 

kept in mind that. enqineer has many installed units (a 

definite heat transfer area) in case of retrofit design 

and should use this area as effectively as possible. 

Followinq section qives an idea why grassroots and 

retrofit designs differ from each other. 

2.2.6.1 Tarqelinq Philosophy 
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Fiqure 2.32 sh6ws an energy/area plot, ,,,hich relates 

the energy requirement with the heat exchanqe area used 

in a given process. Point A represents a case where the 

compos i te curves are close (row !J.Trn1 n) ,wi th cor respond inq 

hiqh enerqy recovery but high investment in area. Point C 

represen t s a case wi th hi qh 4 T,.,1., . yi e ld inq I m"er energy 

recovery but less investment. We have a ~ontinious curve 

are all on target for both representinq networks that 

energy and area. Point B represents the optimum tradeoff 

with the lowest total cost and finally suppose that point 

X is the retrofit candidate. 

The area belo", the curve is marked .. infeasible" since 

it is not possible for a design to be better than target. 

Now the question is which direction to follow to improve 

the heat recovery properties of the existing design. The 

ideal point to aim for from X is not B since we can not 

discard existing area as explained above.We should try to 

improve on the ineffective use of area due to criss-

crossing (see Fiqure 2.14>, while shiftinq the composite 

curves closer to save energy. So. the ideal point should 

be A. Here we would save as much energy as possible usinq 

the existinq area. However. in practical context.one has 

to invest some capital to make chanqes to an existinq 

network, thus increasing area. 

In Fiqure 2:33, many paths with different cost 

effectivenesses are shown. The lower the curve, the lower 

the investment for a qiven savinqs. The best curve is a 

function of plant layout and process constraints. Thouqh 
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it is indicated by Tjoe and Linnhoff [27] that some 

studies are carried out on understandinq the functional 

form of the best curve , 

yet. 

2.2.6.2 Targeting Procedure 

no results have been published 

Prior to explaining the targetinq procedure, an 

assumption should be made. The network, after retrofit, 

use area at least as effectively as before; if the 

project is good, then it is not likely to place new area 

that reduces the effectiveness of the area usage overall. 

Area efficiency (a). a concept that is defined by 

Tjoe and Linnhoff [27]. equals to the ratio of minimum 

area required (tarqet) to the one actually ~sed 

specific enerqy recovery: 

a = [ J 
t:-:J1H:l mt:t. MQ 

for a 

22 ) 

The value of a can be expected to be less than unity 

in practical designs 

equality applies when "no criss-crossing" takes place.The 

lower the value of a, the poorer the use of area, and the 

more severe the criss-crossinq.As it is the case in t.he 

functional form of the best curve, no numerical values 

for a are proposed by Tjoe and Linnhoff. 

Now, assuming that a is constant over the full enerqy 
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span, one can define four distinct reqions in the 

energy/area plot, Figure 2.34. A region in which designs 

are infeasible (be they retrofit or new design); t "'0 
regions in which economic retrofits are not expected; and 

a fourth region within which good retrofits should 

fall.This curve forms a boundary for design and the 

engine~r can now expect to find a challenging solution. 

2.2.6.3 A Procedure for Retrofit Design 

Below given a step by step method for retrofit 

This method, as indicated by Tjoe and Linnhoff, 

has been developed to feature a high degree of user 

interaction. Engineering judgement is required and 

influences the progress of the design. 

A. Identify cross-pinch exchanqers: 

The network is drawn on the grid (usinq ~'I1Tmir' 

determined in the targeting stage) and the heat 

exchangers which transfer heat across the pinch are 

identified. 

B. Eliminat~ cross-pinch exchangers: 

The units recognised in Step A are removed from the 

grid. 

C. Complete the rietwork: 

New exchangers are positioned and, ",here possible, 

units removed inStep B are reused. Since heat loads of 

the units chanqe at the end of this step. new inlet and 

, 

I 
I ; 



outlet temperatures should be computed. 

D. Evolve improvements: 

107 

The enQineer improves compatibility with existinq 

network via heat load loops and paths. Use of 

introduces some flexibility into the desiqn. 

loops 

This 

flexibility can be used to make old exchanqers fit new 

duties. The paths also contribute to this flexibility. 

Example problems solved by this procedure sho,", 

significant improvements in heat recovery properties of 

the existinq plants. 

i i 
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CHAPTER I I I 

PROGRAMMING CONSIDERATIONS 

This chapter includes the description of the programs 

developed during this study. A general . information is 

followed by the presentation of main programs and 

subroutines. 

3.1 General Information on Programs 

The Pinch Technique which is explained in the 

preceeding chapter is formulated into two computer 

programs: HEXNET and DESIGN. The former determines the 

targets while the latter performs the synthesis of 

heat exchanger networks. 

For convinience, the result files are given the same 

names with the programs, having additional extensions, 

".RES" . Both programs are easy to use and do not 

necessiate detailed information to run. An important 

point to keep in mind is the consistency of units of the 

data supplied to HEXNET. 

Both programs are written in FORTRAN by using an 

Olivetti M24 PC. The memory needs are 128 kB for HEXNET 

and 131 kB for DESIGN. 
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SUBROUTINE 
SORT 

, 

MAIN SUBROUTINE SUBROUTINE 
TARGET LOCPIN ELIM 

SUBROUTINE 
COST 

Figure 3.1- Structure of HEXNET 

SUBROUTINE 
HEX 

MAIN SUBROUTINE I- SUBROUTINE 
MATCH NEXMAT SORT 

SUBROUTINE 
SPLTCO 

SUBROUTINE 
SPLTHO 

Figure 3.2- Structure of DESIGN 



110 

3.2 structure of HEXNET 

MAIN TARGET 

Target is the main program of HEXNET.· I t reads the 

total number of process streams and calls LOCPIN for the 

determination of targets. 

SUBROUTINE LOCPIN 

This subroutine performs the calculations related 

with the determination pf targets and pinch temperature. 

Two data files and two result files are processed to 

maintain the connection between HEXNET and DESIGN and to 

tabulate the results. 

One of the input files which is coded "STREAM.DAT" 

keeps the information about process streams. One can use 

the data already existing in this file or prefer 

interactive usage to give the properties of streams of a 

new' problem. Thinking the possibility of entering a wrong 

data point - or running the same problem with little 

changes in stream properties the file operations are 

so arranged to accept such corrections. 

The second input file is called "TECCAL.DAT". 

Technical data (e.g. values of cost parameters! 

-
temperature and latent of steam, inlet and maximum 

allowable outlet temperatures of cooling water, values of 

annual rate of return and equipment downtime etc.) are 

kept in this file. Two options, explained in case of 

,/ 
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STREAM.DAT are also valid for the operation of TECCAL.DAT 

but this time, the user has no chance to correct any 

wrong input witho~t re-running the whole program. 

Having completed the data input, the next step is to 

read the prescribed lITm:l. n value. If the user does not 

want to carry out calculations with a predetermined 

approach temp~rature, an outer optimization loop which 

employs Fibonacci Search is initiated. The lower and 

upper bounds· on lITm:l. n are arbi trari ly chosen as 1 C:'C and 

30 °C, respectively since experienced values often lie 

within this interval. 

Using minimum approach temperature, subroutine LOCPIN 

computes the following by using the Problem Table 

algorithm mentioned in section 2.2.1.1. 

(i) Interval boundary temperatures, 

(ii) Heat capacity flow rates of subnetworks, 

(iii) Heat deficit or surplus for each interval, 

(iv) Minimum utility requirements and the pinch 

temperature. 

Having determined minimum utility consumption target, 

the next step is the construction of T/H diagram of the 

problem to calculate minimum heat transfer area 

requirement. This task is performed by defining corner 

points of hot and cold superstreams. For the validity of 

Problem Table algorithm, the simple linearisation 

CP=constant should be acceptable. This enables us to 

characterise each temperature interval by a 

function; 

linear 
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T = f(H) 

in the form of, 

T = mH + n. ( 23 ) 

In this equation, m is the slope of the line segment and 

n is the related corner p~int. Calculation of "m" values 

can be ~asily done since the designer has the necessary T 

and H data at corner points. 

This correlation is very practical when dealing with 

the temperatures on a T/H diagram. Suppose, a corner 

point lies on the hot composite. To form an interval, 

projection of this point on the cold composite is 

necessary. Since a vert i cal 1 ine wi 11 be dra\,ln downwards, 

the projected point will have the same enthalpy with the 

one on the hot composite. Knowing the values df m, n, 

and H, one can easily calculate the temperature of the 

cold composite at this point by using Equation 23. The 

same procedure applies for the temperatures to be 

determined on the hot composite. Determination of inlet 

and outlet temperatures of the superstreams within a 

particular section is necessary for the calculation of 

TLM term of Equation 17 (see Chapter II). The over-

shoots of hot and cold composites are then used to 

compute the area of auxilary coolers and heaters. 

Last target which is determined by HEXNET is the 

minimum number of heat exchanger units. Equa t i on 7' is 
~ 

used for this task. 

SUBROUTINE SORT 
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Subroutine SORT is used to put the elements of a 

vector 

several 

in a decreasing order of magnitute.It is called 

times by the main and subprograms to rank inlet, 

outlet temperatures and heat capacity flow rates of the 

process streams. 

SUBROUTINE ELIM 

ELIM is the code of the subroutine that is called by 

HEXNET to eliminate the duplications which may occur 

during the preparation of Problem Table.As it is 

explained in sub-section 2.2.1.1, adjusted temperatures 

of the hot streams and the supply and target temperatures 

of the cold streams should be ranked in decreasing order 

to get the interval boundary temperatures.Since the main 

aim is to partition the problem, repetetions have no 

meaning and need not be considered. 

SUBROUTINE COST 

Subroutine COST computes, (i) yearly based operating 

cost, (ii) annuilized capital cost and, (iii) the sum of 

these two items; the total cost of the system. 

3.3 Structure of DESIGN 

MAIN MATCH 

MATCH is the main program of DESIGN. It consists of 

two parts. One of them is responsible for synthesis above 

the pinch temperature and the other below the pinch 



114 

temperature. The below-the-pinch design criteria are the 

"mirror image" of those for above the pinch. 

If the next match will be' a pinch exchanger, streams 

that are chosen by NEXMAT as the candidates of the next 

match are tested by this main program to check whether 

they fulfill three design criteria (see section 2.2.3.2). 

If thos~ criteria are not satisfied, stream splitting is 

considered as a solution. This task is performed 

according to' the algoritms given in Figure 2.20. 

The next step is the determination of the stream with 

smaller heat load or in other words the one that will be 

ticked-off. Knowing the heat load of the exchanger, one 

can calculate the inlet and outlet temperatures of the 

hot stream and its partner cold stream. Here, another 

constrairit should be satisfied. This thermodynamic 

constraint necessiates ~T",in being greater than or equal 

to a prescribed value. 

If this criterion is violated, another cold stream 

(or another hot stream, if the design is carried out 

below the pinch) is searched by calling NEXMAT. If none 

of the cold (hot) streams satisfy the criteria mentioned 

above, stream splitting is applied. As it is indicated by 

Linnhoff et.al. [4] whenever the designer runs into 

trouble in applyin~ the tick-6ff rule, 

to find a stream split solution. 

he should attempt 

The Sinal step in design is to place auxilary units. 

The remaining cold streams above the pinch are carried to 

their target temperatures by steam heaters and the 
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remaining hot streams below the pinch are carried to 

their target temperatures by water coolers. This 

procedure also guarantees the development of a network 

which consumes utilities at a minimum level. 

SUBROUTINE NEXMAT 

Subroutine NEXMAT (NEXt MATch) determines the numbers 

of the hot and cold streams that will be matched 

presently.An integer parameter, BP, takes a value of zero 

or one indicating whether the design is carried out above 

or below the pinch. 

For the hot end design, the hot stream with minimum 

outlet temperature and the cold"~tream with minimum inlet 

temperature are selected as the candidates of the streams 

of next match.If there exists more than one hot or cold 

stream with the qualifications given above, the one(s) 

having greatest heat capacity flow rate takes(take) the 

privilage of being matched beforehand.Subroutine SORT is 

called" to put the temperatures (and if necessary, heat 

capacity flow rates) into a decreasing order. 

For the cold end design, the hot stream with maximum 

inlet temperature and the cold stream with maximum outlet 

temperature are chosen. 

This heuristic approach enables the designer to 

complete the pinch matches prior to ordinary 

ones.Remember that, one should start the design where the 

problem is most constrained (see Chapter II).Temperature 

constraints and the feasibility criteria are ignored by 
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this subroutine. 

SUBROUTINE SORT 

This subroutine is utilised by both of the programs. 

See section 3.2 for its description. 

SUBROUTINE HEX 

Subroutine HEX (Heat EXchanger) reads the input and 

output temperatures and individual heat transfer 

coefficients of the hot and cold process streams and the 

heat load of the exchanger. It computes the logarithmic 

mean temperature difference, overall heat transfer 

coefficient, the area and the capital cost of this 

particular unit. Two labeled COMMON statements DES 1 

and DES 2 , transfer data to this subroutine while the 

output is so arranged to tabulate some properties of the 

exchanger being designed. 

SUBROUTINE SPLTHO 

This subroutine performs the splitting of hot 

streams. According to the value of BP (an integer 

parameter), different strategies are employed for this 

task. If BP equals zero, 

point and if it eguals unity, 

pinch point is split. ' 

An important item that 

a hot stream above the pinch 

a hot stream below the 

is worth explaining is the 

procedure for the determination of split branch flows. As 

an initial approach, heat capacity flow rates of the 
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branches are set equal to the CPs of their partner cold 

streams. This procedure enables us to maintain the CP 

equality criterion which is valid for pinch matches (see 

section 2.2.3.2.2>. Then, by following the recommendation 

of Linnhoff et.al. [ 4 J • the final branch CPs are chosen 
, 

according to the ratio between the heat loads of the 

branches and the load of the main hot stream being split. 

SUBROUTINE SPLTCO 

This subroutine performs the splitting of cold 

streams. The principles explained for SPLTHO are also 

valid for this subroutine. 
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CHAPTER IV 

EXAMPLE PROBLEMS SOLVED BY 
HEXNET AND DESIGN 

AND A COMPARISON OF METHODS 

This chapter is devoted to the comparisons of the 

solutions of some standard problems from the 

literature.Since desiRn data do not vary too much from 

one problem to another, a Reneral table is sufficient to 

list all technical and' economic properties. 

For each problem, an original output of HEXNET 

TABLE 6. DESIGN DATA FOR SAMPLE PROBLEMS 

STEAM: 
Pressure (lb/in.2abs): 962.5 (for 48Fl ) 

450.0 (for all other 
Latent Heat (Btu/lb.): 656.6 (for 4SPl ) 

768.0 (for all other 
Temperature (=F) 540.0 (for 48Fl ) 

I 

I COOLING WATER: 

1

. TemperCl.ture 
Heat capacity 

456.0 

100.0 
1..0 

(fol~ all other 

""F 
Btu/lb of 

Maximum output Temp. 180.0 of I MINIMUM ALLOWABLE APPROACH TEMPERATURES: 

I 
Heat exchanger 20 of 
Steam heater : 25 =F 
Water cooler : 20 =F 

I OVERALL HEAT TRANSFER COEFFICI~NTS: 
HeC:!.t e}:chanqer 
steam heater 
(l .. iater cool er 
EQUIPHENT DOWN TIME: 

150 
200 
150 

Btu/hr ft;:;:, 
Btu/hr ft~.! 

Btu/hr ft2 

::::;80 hr/yr for . 4SF'1, ~i8Pl and 68F1 

c"F 
c'F" 
';;'F' 

260 hr/yr for 4SP2, 78F1~ 7SF'2 and 108Fl 
NETvlORK COST PARAMETERS: 
a = 350 , b = 0.6 , 
UTILITY COSTS: 

I Cooling water cost I Stec:lm cost 

.5" = 0.1 

0.00005 $IIb 
0.00100 ":j;/lb 

problems) 

problems) 

problems) 
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tabulatin~ the stream data and an output of DESIGN 

tabulating the network structure are included. A brief 

discussion follows, the comparison table and gives some 

information about the net.works developed by various 

methods. 

-----------------------------------------------------------------------------
I 

I STRt:AM !)PTA FOR JISrc'l I 
1" ' I 1-----------------------------------------------------------------------------1 

1 ~lH;H1wM Ai"F-'ROACH TE"I,'ERATURC: :2(1.,)(' I 
I ~ I 
I -~G:;:.?Er;r--1iF,E-I-:;:E~F,E;::;:TU~E-I-(i')-rlCAT-I----HEAT----I-------I--------------- I 

0:= l!F 1 _____________ 1 CAP;'C lTV I TRANSFER 1 PHASE I I 
! STF.:O:At·;::: E'F-:EAt-;I IN OJ. 1 Ft..O.J "ATCI COEFFICIENT! CHAI~Gl~1 HEAT LOAD 1 1 _______ I ___ , ____ 1 ______ • ______ 1 __________ 1_~ _____ ----_1 _______ 1 _______________ 1 

1 I ! ; 1 1 I 1 1 
1 HOT I 320.(.J 2('0.(.1 16<'.66.aO I 3( .. :0.(1000(. I 1.0 1 2("'(.016.00001 

: 1 : 1 r I I r I 1-------1-------r------ ------1----------1------------1-------.---------------I 

1 :: 1 HOT j 480.0:.1 280.01 2(,(,('0.00 I 3,(;0.000(.(0 1 NO 400('000.0('001 r _______ l _______ 1 ______ • ______ 1 ____ ~ _____ I ____________ 1 _______ 1 _______________ 1' 

I 1 , 1 1.. ..... 1 I I I 
1 1 1 COLD I 140.('1 ::'::O.0I"14.1;!:;').10 I , 30('.00000 I NO 1 -2601018.00001' 1 _______ ! _______ 1 ______ 1 ______ 1 __________ 1 ____________ 1 _______ 1 _______________ 1 

1 I 1 I I' I 1 I 
1 :: 1 COLI: 1 2';,'J,l ::'(i".Ol 1l~31).(oO I 300.00000 1 NO 1 -2997800.00001 ! _______ 1 _______ 1 ______ 1 ______ 1 __________ 1 ____________ 1~ ______ 1 _______________ 1 
1 ' I 

(;j.) in <: •• 5[; of phO',sc <:r.&n.;,e N.:iSS FLOW RATE I 1 __________ " __________________________________________________________________ 1 

rijr.H.~.': Af-r-r,O.:iCH TEMPERATUm::: ::'0.00 
l~uI1BER OF SUE,t<ET(;;DR.~S. 7 
F';I~CH I£MF'c' .. ';TURE nOT Er~D:':;O(l.(I(> 

COLD EUCJ.460.00 
I"UNlrlL.rl UTrt..ITY ,HeATING: 46-1:200'-('(""0-
r'IIN!hl;tl UTli.,Ih' COOt..lhIG: 66::':;98.~(OOO 

TABLE 7. STREAM DATA FOR 4SPl 

I I 
I DES1 GN TABLE FOR ilSF'l 1 I _______________________________ ' ______________________________________________ I 

I 1 NU!'lE<EF; OF I HJLET I OLITLET I 1 O'.'::;:-;A:_L 1 I 
I 1 STREAM I TEMPER"TLlRES1 TEMPERATU,;EEI J FEAT! I 
1 HEX 1 ___________ 1 _____________ 1 _____________ 1 HEAT I T;:::~·tJS"'cr; 'r A":EA I 

1 # 1 Heir 1 COLln HOI I COLr· I LiDT 1 COLD:- I.Or'D ICC:E;:-;:-jC~tJT! 1 
1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 _____________________________ 1 

I I 1 I I 1 1 I 
I 1 I ST J 2 1~,AI).(I(lIJl6C1.0('I54(l.O~))~·:\0.')CII '.4bE·~<'61 .2~)[·('3 J L:':'.(? I 
1 _____ 1 _____ I _____ l ______ 1 ___ : __ 1~ _____ I ______ l ________ 1 ___________ 1 __________ 1 

I I I 1 I I 1 I I .I 1 
I 1 I Z 1 = 1"8,:',(O('1:4(1,C>('I:;:::.::,.17:~t,O.O(.j .::::E~(·71 .1:::,""'(-::: I :::1::'. I 
1 ____ ~I _____ 1 _____ I ___ ~ __ 1 ______ I ______ I ______ I: _______ l _____ ~ _____ l __________ r 
11 I I I 1 I I 1 1 J 
I 2 I ~ I 1 I~S:;.171=18. 7~I280.CIf)13=O~('(JI .1'5E+')7J .1::E~')3 I 2:='::. r 

, 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1_..:: ____ 1 ______ 1 ________ 1 ___________ 1 ___________ 1 

}' I I I 1 l' I 1 1 1 I 
I 3 I 1 I 113.20.001140.('01;::;1.741218.731 .11C+071 .1:::,C"('3 1 71.3 1 
1 __ ..: __ 1 _____ I _____ 1 ______ I ______ 1 ______ 1 __ ' ____ I ________ 1 .. ___ , _______ 1 __________ r 

I I 1 I 1 1 I 1 1 1 J 
1 4 1 1 I CW ].251.74110( •• OC'1:00.0':'1:8( •• 001 .8£'[,-+('61 .13E"('3 I t.'.t. J 
I_~---I-----1-----1------1---~--I------1------1-------_1 ___________ 1 __________ 1 

TABLE 8. DESIGN TABLE FOR 4SPl 

I 

\ 



1-------------------------------]----------------------j----------------------
I I TA":GET I r'E£·IG!J J 
I~ _____ ~ _________ ~ ______________ I ______________________ 1 ______________________ 1 

'"}-:" ... . ' , .,. l' . I 1 

I . HEAT TRAtJSFER AREA 1 b6~·.:; : 7N ... 1I j 
I '-, I I 1 I:-:-NUHBER-OF-HEAT-EXCHANGERS----l----------------------1----------------------1 
I.' ABOVE THE PINCH r'JOINT I 1 1 1 I 
r: BELOW THE PINCH POItJT I 4. I 4 J 
1 Co : OVERALL I ~ 1 ~ I 1_· ______________________________ 1 ______________________ 1 ______________________ 1 

I . I I 1 
1 . HOT UTILITV CONSUMPTION 1 .461:-£:"'06 I .461::E+(,b I 
I~ ______________________________ J ______________________ ! ____________________ ~_l 

1. I ! . I 
1. COLD UTILITV CONSUMPTION I • 86::r.E+('6 i .. 8(,2"E~~16 J 
1~~ _____________________________ I ______________________ ,_~ ____________________ J 

1 J I'; 
I : OPERATING COST ' I .1(I~(IE·(I::; I ~:~"~('E~05 J 
1 _______________________________ 1 ______________________ J _____ ~--------------~-J 

I. . I I J 
I. 1 NVESTMENT COST I ::;:::::::7. I ;:·1 :='8. I 
I~ ____________________________ ~_I ______________________ J_~ ____________________ ~ 

I' J I l 

I TOTI'IL COST J .1::;o;·~E:· (I':, 1 . .: :.::;;>:: .... :.::; ) 
1 _____________________________ -'_1 ______________________ 1 _______________ · _______ 1 

NU"iBER OF INr'EPENDENT HEA1 LOA~ LDDPS IS: 

TABLE 9. PROPERTIES OF THE SOLUTION OF 4SP1 

4SP1 SAMPLE PROBLEM . 
INTRODUCED BY Lee,Masso,Rudd [20J 

-----------------------------------~-----------------

AUTHOR(S) REFERENCE *' 

Linnhoff,Flower 15 , ' , 

TOTAL COST 
($/yr) 

13587 

Nishida,Liu,Lapidus 2 13590 

Ralhore,Powers 17 13573 

: Pho,Lapidus 13 13685 

: Kelahan,Gaddy. 30 10634 

Lee,Masso,Rudd 20 13481 

------------~---~----~-

Ponton,Donaldson 21 13534 

: Me Galliard,Westerberg 2 13615 , 
,-----------------------

: HEXNET 13590 , , 
, ' ----------------------- ------------- ---------------

TABLE 10. COMPARISON TABLE FOR 4SP1 

, ,. 

12.0 
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The network developed by DESIGN was also found by 

Rathore and Powers Nishida et.al., and Linnhoff and 

Flower. However, a different network wa~ reported by Lee 

et.al., Me Galliard and' Westerberg and Pho and Lapidus. 

The annual costs • of the network reported by these 

investigators are $13481, $13615,· and $13685, 

respectively. Using the data of Nishida et.al. their 

solution costs S:13688/y.r. This discrepancy in costs due 

to round-off values of stream properties and lor slightly 

different design data. 

The configuration optained by Kelahan and Gaddy is 

not feasib'le since 6:Trn:tn constraint is violated in their 

solution. The value they have allo~ed in their solution 

is 0.6 =C which contradicts with the one accepted by most 

of the investigators, i.e., 20 ce. 

-----------------_ .. _---------------------------------------------------------1 
I s"'"nEA:" r.o'>TA FOR 4SP2 I 
I ' '. r 1-----------------------------------------------------------------------------1. 
1 Nlr.li".UM ,';PF-RO;'CH T:::I'lF'ERATURE: 2.).00 ,I' 

i-,,~;,:.EF;J~-Tyr~-!-1E~PERA7unE-I-(~;-~EAT-I---~HEAT----l-------l------~~~~--~-~~: 
1 OF 1 OF _____________ 1 CAPACl1Y 1 TRANSFER 'I PHASE 1 '. 1, 
1 STF\EAI~l STREAMl !I~ I OJT I FLUW f,ATEI COEFFIC1ENTl CHAr,GEI HEAT LOAD 1 : _______ 1 _______ 1 ______ 1 ______ 1 __________ 1 ____________ 1 _______ 1 _____________ _'_1, 

1 1 111' I' 1 1 1 
1 1 I HOT 1:0;(>( ••• )1 110.012(10(10.001 300.('(>0('0 I NO 1 760(1000.00001 I _______ I __ ~ ____ l ______ I ______ I __________ I ___ ~ ________ 1 _______ 1 _______________ 1 

I I III 1 1 I 1 
I . 2 I HOT I 4~.C>.(11 230.('} 50(.(JO.(I(l I :;·I)O.(IC.C'OO 1 'NO 1 1000('000.00'001 
1_~ _____ r _______ I ______ I ______ I __________ I ____ ~~ ______ 1 _______ 1 _______________ 1 

I I 1 1 I I I I I 
1 - I HOT I 4(;C •• or 110 •• )1 :;,(>(.00.00 1 300.00(J(10 1 ND I 6700000.00001 1 _______ 1 _______ 1 ______ 1 ______ 1 __________ 1 ___ -'-________ 1 _______ 1 ______________ 1-

1 1 1 1 1 1 1 .1 
1 1 1 COLD I :::~.01 .. :::(I.OI 7(.(.(l(I.O., 1 300.CIOOO(l 1 ND 1 -276500(10.00001 
1 _______ I _______ I _____ ~I ______ I ______ ~--I-_--~-------I ______ ~1 _______________ 1 
1 1 
I (~) in case c.f ph .. 5.e c:h .. nge ' MASS FLOW RATE I 1 ___________________ ~ _____________ L _________________________________________ ~l 

,.: HJ I 11;';M ~F';:';;·OACH TEtiP"R,HUm:-: 20.00 
\,;UI1BER DO- 5LIBNEiW[Of'i~S:, t. 
F'IIKH TENFEF(',TUF.E /-ir.l EI~[.: 45."(l 

COLD EtJD: 25.0(1 
MINHllJMUT!LITY HEATING: U:;O(l')(>.O(lOO 
tHNH',JM UTlt..l1·Y CO;:'UIJG: • (IVOO 

TABLE 11. STREAM DATA FOR 4SP2 



1-----------------------------------------------------------------------------1 

1 DESIGN ~ADLE FOR asp:;: 1 
J 1 
l-----i-NUME.ER-OF-I----INLET----I----6GTLET---I--------i--OVER~LL--I----------1 

1 1 STREAM I TEMPERATURES 1 TEMF'ERAil1RESl 1 HEAT I 1 
CHEX i~~::.~_.:.:...:.~-_:..I.:.:_.:::__:._~::._-_.:.:I~ _____ .:.. ______ 1 HEAT I TRANSFC:R ! "'~:E.A 
1 ,~ 1 HOT I COLDl HOT 1 COLD 1 H~T I COLD 1 LOAD 1(!)CF"FICIENTI I 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ ~ __________ 1 

I, 1 1 1 I 1 ,I 1 1 l' 1 
1 1 1 2 1 2 14::'0.001 ::5.001230.0('1410.001 .1(1[:"'(·FJl .15E ... ~13 1 839. 1 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ y 

11111111 1 1 1 
1 2 1 1 1 4 1500.001 25.00!110.(I(\.1'1:4.611 .7E:r. ... (171 .1:;C.O:'. 1 6li,? I 1 _____ I ___ ~_I _____ I ______ I ______ ! ______ r ______ 1 ________ 1 ___________ 1 __________ 1 

11111 I 1 I 1 I 1 
I :::: 1 :; 1 :; 1400.001 25.('01110.(1013:'0.(,.,)1 .87['-+071 .:5=:<03 1 .1~'n:: .. (1·'1 
1_.:. ___ 1.:..' ____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 _________ 1 ___________ 1 __________ 1 

111 1111 T ! ' I J 
1 41ST 1 1 145b.001403.571.l!56.00J420.001 • !~E"'071 '.:'~E"'03 I 132. 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 _________ 1 ___________ 1 __________ 1 

TABLE 12. DESIGN TABLE FOR 4SP2 

I-------------------------------I------------------~~--1----------------------1 
, I I T(tr.:GCT I rESIGN 1 

I _' __________ .:. __ .:. ____ '-___________ 1 ______________________ ! ______________________ 1 ' 

I' 1 I J 
1 HEAT TRANSFER AREA 1 243:::. r ;<:;>11. 1 1 ___________________________ ~_.:.._I ______________________ 1 ______________________ 1 

I NU~jBEF; OF HEAT EXCH!lNGERS I " I I 
1 ABOVE THE PINCH F'OINT 1 4 1 4 j 
I. BELOW THE PINCH POWT 1 (t I 0 
I" OVERALL I' 4 I 4 1 
1 1 ' I T 

I------------------------~------I----------------------I----------------------j 

I HOT UTILITY' CONSUMPT!ON 1 .115('E·07 I .115(·;:+(,7 I 1 _______________________________ 1 ______________________ 1 ______________________ 1 

I 'I' 1 I 
1 COLD UTILITY CONSUMPTION 1 .('000 1 .00(>0 1 1 _______________________________ 1 ______________________ 1 ______________________ 1 

1 1 I I 
1 OPERATING COST 1 • 1273E+('5 1 .1::7:'·E·05 1 
1 II! '1-------------------------------1--7 -------------------1----------------------1 
1 I NVESTMENT COST I M "4. J 6919. I I _______________________________ l _____ ~ ________________ ! ______________________ 1 

I ,I I I 
I TOTAL COST I, .1917£+05 j' • 196::,E"05 I I _________________ ~ ______ ~ ______ I ____________________ ~_1 ______________________ 1· 

,NUMBER OF INDEF'ENDENT HEAT LOAD LODPS IS: (I 

TABLE 13. PROPERTIES OF THE SOLUTION OF 4SP2 
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------------------------------------------~----------

SAMPLE PROBLEM: 
INTRODUCED BY 

4SP2 
Ponton,Donaldson [21) 

1 
.1 

-----------------------------------------------------

AUTHOR(S) 

Linnhoff,Flower 

------------~---~----I-i 

Ni~hida,Liu,Lapidus 

REFERENCE tI 

15 

2 

TOTAL COST 
(S/yr) 

19567 

20353 • 1 
1 

-------------------~--- ------------- ---------------

Ponton,Donaldson 21 23742 , , , 
-----------------______ 1 ______ -------,---------------' 

1 • 
HEXNET 19647 

----------------------- ------------- ---------------

TABLE 14. COMPARISON TABLE FOR 4SP2 

, I 
'1 
I 



123 

The solution presented by Ponton and Donaldson is a 

cyclic arrangement and features four different matches 

between the same two streams. 

Nishida et.al .• however. showed a further significant 

saving was ~ossible if parallel splitiini of cold stream 

No.1 '\I'as considered and presented a solution costing 

$20353/yr. 

The solution of DESIGN was previously announced by 

Linnhoff and Flower. The difference that is observed 

between the costs is probably due to slightly different 

design data. 

------------------------~-----------------------~----------------------------1 
1 . , STREAM DA:rA FOR ::;SP1 ~ 
1 ___________________________ .:. ________ :. ______________ , _____________ ' _____________ ,~ 

I 
I MINIMUM APr'ROACH TEMF'ERATURE: ::0.0(' I, I __________________________ ~ ___ ~ ______________________________________________ ~, 

1 NUMBER I TYPE 1 TEMPERATURE 1 ,(:I:) HEAT 1 HEPT 1 1 ~ 
I 01'" 1 OF 1 ____________ ...:1 CAPACITY I TRANSFER J PYA!;~_ j ,_ 

I' STREAMJ STREAM1 IN 1 OUT ,1 FLOW RATEJ COEFFJCJEIJTJ Ci-lAN.,d HE(-, LO(.',~ J: 

:~ ,------- ~ ------"- ~ ------ ~ ------" i ----------i ------------ ~ -------i --,-------------i; 
"1 :' 1- 1 HOT 1 48C'.01 250.01 31500.00 I 300.00('00 J Nt"- J 72G!5C'I)C'.(lC·OOl 

.:~-~---"--~ ~------~ -----~ ~ ------~,..------:--i------------i -------i --~------------i 
:1 :2 l' HOT 1 400.01 150.01 25200.00 1 300.(10000 I Net J !,:::C·C,o)C·O.(.')oC·j 

;~ ---~--~ -------i ------~~-----i --------~-i ------------i --,-----i --------------~ i 
1 1 1 COLD I 1 (10.01 400. OJ 21600.00 1 3(10.00000 1 NO J -6·18C·0(·0. (100.'1 

:1-------I-------i------i------i----------i------------i-------i----------:~---i 
,~ :2 i COLD I 150.01 360.01 24500.00 J 300.00(1(>(1 I tvD j -::1 l!':;C'('(I. oe'N'I 

:~-~-----i-------i~-----i------i--~-------i,..-----------i~------~---------------i 
"1" 3 I' COLD I 200.01 4(10.0J 2470':'.00 1 3('('.00('00 I NO I -4°.t;0C'0~·.Ct(lC'C'1 
1 _______ 1 _______ 1 ______ 1 ______ 1 __________ 1 ____________ 1 _______ l _______________ ~ 

j 
1 (,.) in CCISE' of phitE'P ch'.:'ngE' tV~5S rLOIl' r,~\TE '1. ______________________________________________ , _____________________________ _ 

Hl1\'jMUM APF'ROACH TEMPERATURE: 20.00 
NUMBER OF SUBNETWORKS: B 
F'I NCH TEMPERATURE HOT END: 120. {.(1 

',,; 'COLD END: lCC'.CtO 
I':I~!!MUM UTILITY HEATING: 3~I::O(l(!(l.C)/)OI:, 

t-:INIMUM LlTlLITY C.ODLING: .(.0('(' 

TABLE 15. STREAM DATA FOR 5SP1 

! 
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· -1-----------------------------------------------------------------------------} 
1 r'ES1G~~ TAf'LE FOR ::;SF-l 1 -

i-----j-NUMBER-OF-j----jNLET---------OUTLET---j-----------OVER;,~L--l----------i 
1 1 STREAM I TE~F-ERATURESl TEMf'Er,ATllRESI HEAT 1 I 
I, HEX 1 ___________ 1 _______ ..: _____ 1 _____________ 1 HEAT I TR';!.IS'TR I AREA, I 

I ~ I HOT I COLD1 HOT I COLD 1 HOT I COLD I LOAD ICOEFrlCIENTI I 
I _____ 1 _____ 1 _____ I _____ ~1 II! : 1 j 
I I I I 1------1------1------1-------- -----------1----------

I. _ 1 1 1 I -:2 1413.::;3J1~,(J.(I(I}:;:SCt.OOI36( •• (II)J .~'lE+071 .1::;E":(''3 1 462. ~ 
I _____ 1 _____ I _...: ___ I ______ I ______ I ______ 1 __ · ____ r ________ 1 _______ :.. ___ r __________ T 

I- J I I I I I I 1 ,I 1 
I 2 I 1 I 1 148('. (1013(1:;:.781413.3314('0. N'I .:;: 1 r"'O,i . 15£" ')3 I 1 ilg. 1 
1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 .• _____ ~ ____ l __________ ; 

I. I 1 I I '1' 1 ! ! r I 
I' :; I 2 I 1 13::3.811.1(1('.(10115':1.('01:·('2.781 • .IlIlE+(171 .15S~0::: r 273. 1 
1 ____ I ____ .:. I _____ ! ______ 1 ______ I ______ 1 _____ ._ i ________ 1 ____________ ! __________ 1 

1 I 111 I I I 1 : ~ 
I A I :2 I :3 I~OO.(I(lI200.('(Jl::=~.811277.731 .19:: .... 07J .':;E .... ':"3 I 1011. '1 

, 1 ______ 1 _____ 1 _____ 1 ______ 1 ______ 1 ____ !-_1 _____ .,.1. ______ .. __ J ____ • ___ •. ___ 1 __________ >_ 

I J J I I I I J 1 - j 1 
"1 5 J 5T 1 ::. r.c~6./)(J1277.7314~i,.(1 .. ·I~·:,(~.·)·:\1 .. ::.')E. .... )71 .:(1E: .. ':):: , l.l0. i. 
J _____ 1 _____ 1 _____ 1 ______ 1 __ ,. ___ 1 _____ ... 1 ______ ; __ . __ '"_.''' i . _____ . _______ 1 ____ .• _____ 1 

\ . 
. ' 

TABLE 16. DESIGN TABLE FOR SSP1 

1-------------------------------1----.,.-----------------1----------------------
I 1 TI'-RGET 1 _ [,r;:S I [ON 1 1 _______________________________ 1 _______________ ~ _____ .,1 ______________________ 1 

I ! 1 I 
I HEAT TRANSFER AREA i. 1,.00. 1 1730. 1 1 ______________________________ 1 ______________________ 1 _______________ . _______ 1 

1 NUMBER OF HEAT EXCHloNGERS I . l' I ' 
I ABOVE THE PINCH POINT I :; 1 5 I 
1::_,- ' BELOW THE PINCH POINT 1 0 1. (I I 
1, OVERALL I 5 I :;:; 1 
i~ ____________________ ~ ____ ~ ___ I _____________________ ~I _________ ~ ____________ 1 

I 1 I' 1 
I' -HOT UTILITY COt~SUMPTjON' , I • '302(IE"'07 1 • '30:;:OE"07 1 1 _______________________________ 1 ______________________ 1 ______________________ 1 

I .' . , I 1 - r 
-I . COLD UTI L 1 TY CDNSUMF'Tl ON I . .0(0('(1 I. • ('000 J , 1 ______________________________ ~I _______________ ~ ______ l ______________________ r 
I I I 1 
I - OPERATING COST I. 3295E+('S I • :;;:295E"'05 1 1 _________________ ~ _____________ 1 ______________________ 1 ______________________ 1 

1 I - . 1 1 
I 1 tJVESTME:NT COST I 5448. 1 ::0:::8:,. 1. 

'.1 ____ .: __________________________ 1 ______________________ ·1 ______________________ 1 

1 - I I I 
1, TOTAL COST I. :,S4(lE+("15 I • :::S34E+(,S I 
I~ ___ ~ _________________________ I ______________________ r _______ ~--------------1 

NUMBER OF INDEPENDENT HEl\T LOAD LOOF'S !S: 

TABLE 17. PROPERTIES OF THE SOLUTION OF SSP1 



SAHPLE PROBLEH 
INTRODUCED BY 

AUTHOR(S) 

5SPl 
Masso,Rudd [1] 

REFERENCE It TOTAL COST 
($/yr) 

Nishida,Liu,Lapidus 2 38219 

: Pho,Lapidus 13 38268 

: Lee,Masso,Rudd 20 38278 

Kelahan,Gaddy 30 38316 

----------------------- ------------- ---------------
I 

Flower,Linnhoff 23 38268 

Masso,Rudd 1 38268 

Linnhoff,Flower 15 38268 

HEXNET 38335 

TABLE 18. COHPARISON TABLE FOR 5SP1 
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Nishida eLal. who considered stream splitting, 

proposed the optimal solution costing $23219/yr. Their 

own pricing was in fact $38713/yr since they had used 260 

hr/yr as equipment down time and 767.5 Btu/lb as latent 

heat of steam. Later on, Linnhoffand Flower made a 

correction and 'computed the cost of this network with 

mostly accepted values; 380 hr/yr and 768 Btu/lb. What 

they had found was. an annual cost of $38219. 

The solutions presented by Pho and Lapidus, Lee 
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et.al., Masso and Rudd, Linnhoff and Flower, and Ke I ahan-

and Gaddy are all identical. 

Flower and Linnhoff presented five different networks 

costing between 5:38268 to S:3855Dlyr by using their TC 

method. The solution developed by DESIGN is same as one of 

these networks and costs S:38335/yr. 

In this problem, the "tick-off" heuristic fails and 

selection of the hot anp cold streams for the next match 

highly affects the total cost of the final network. 

The deviation of the cost of DESIGN's solution 

the optimal one is D.18,per cent. 

1-----------------------------------------------------------------------------1 

I STREAM DATA FOR 6SF'j 1 
I', - J 1-------7---------------------------------------------------------------------1 

I MINIMUM AF'PROACH TeMPERATURE: 20.00 J 1 _____________________________________________________________________________ 1 

I NUMBERl TYPE I TEMPERATURE I (*) HEAT J HEAT I 1 I 
I, OF - I OF 1 _____________ 1 CAPACITY J TRANSFER I PHASE I , J 
1 STREAM I STREAMJ IN lOUT 1 FLO .. ' RATEI Ct'EFF1C1ENTI CHA~JGEI HEAT LO(!D 1 

:--~----:-------~------~------i----------i------------i-------i-~-------------i 
- I- -- 1 1 HOT I 440.01 150.C'I :::S('OO.O(- I :;,00.0(,0-)0 J NO J e:'l:2Cu)('('.(>('(I('I 

~i-;----~~-------~------~~-----~----------~------------i-------~---------------~ 
-1 - 2 I - HOT J :520.01 300.0 I 23800.00 I 300 • ,=-c.c,~.o J NO I 523&000. (o('C,O 1 
I _~ ____ I ..: ______ J ______ 1 ______ 1 __________ 1 ____________ 1 _______ 1 ____ -___________ I 

I I 111 I ! I I 
1- -, 3 I HOT I 390.01 150.01 33600.00 I 3('0.0('000 J - NO I 806!1(-(lC'.00(-0] 

-I __ ..:~_~I _______ l ______ 1 ______ I __________ 1 ___ ~ ________ 1 _______ 1 _______ ~-------1 
I I I I- I I :;: 1 J 
1 1 I COLD I 1('0.01 430.01 16C>00. 00 I 300.0(1(-('0 1 NO I -528(1(-0('. ('(.001 

- - - - I 1 I 
~-~-----~ -------~------i------~ -----------~ ------------1 ------- J ---------------1 
I ::: I COLD 1 180.01 35('.OJ 32760.(1) f ::'0('.('(>0(10 I NO I -5569:::0C'.00('OJ 1 _______ 1 _______ 1 __ ~ ___ 1 ______ 1 __________ 1 ____________ 1 ___ ..: ___ 1 _______________ 1 

I I 111 1 - 1 I 1 
1 3 1 COLD I 2('0.01 400. 01 =6::;~(I. 00 J ::;0(', (l1)-:'(lC' I NO J -::·270(1')(', (-OO~11 
1 _______ 1 _______ 1 ______ 1 ______ 1 __________ 1 ____________ 1 ___ ~---1---------------1 

1_ - 1 
1 (.) in c"s" of phasfi' ch.e"g!? t11:\S", I'"UJ:~ Rr,TE I __________________________________________________________ , ___________________ _ 

MINIMUM APPROACH TEMPERA";'Ur:E: :2(',(-0 
NU!1BEF; OF 'SUPNETWOF:I(S: 16 -
PINCH TEMPERATURE HOT END:5:?Ct.(.(, 

COLD EII:D: 5(10.00 
MINIMUM UTILITY HEATIt~G: - • ('OC'(I 
MIIJlMU!1 UTILITY COOLING: 5::(>(-800.C-0(-(1 

TABLE 19. STREAM DATA FOR 6SP1 

from 
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--------------------------------------------------------------~---------------,I 1 
I DESl GN T/,BLE rOIi: i:Sr·l.: I 
I 1 
.I-----I-NUMBER-oF-j----I~LET----i----oUTLET---l--------i--OVER~LL--j----------l 
I I 'STREAM I TEMPC!;ATURESI .'CMPEF:A1L'RCSl 1 HEAT I I 
1 HEX i 1 ' . .. . . .. }.:: .. .. I HEAT J TFPNSFER 1 ?V'<EA 1 

.1 * I-HOT-j-COLDI--HOT-i-cOLP-1--HOT-j-COLD-1 LOAD lCDEFFICIENTI : 1 _____ 1 _____ 1 ___ .:_1 ______ 1 ______ 1~ _____ 1 ______ 1 ________ 1 ___________ 1 ___ -'.,.:.. ____ 1 
I· I 1 1 . II 1 1 1 1.' 1 
I 1 I :2 I 1 l'520.001H'2.751::'OO.OOIl:30.(101 .::':E+':'71 .15E"('3 :r, 2~5. J, 
1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ________ ~ ___ 1 ________ ~_1: 

·1. 1. 1 1 I 1· 1 J I 1. I, 
I 2 I 1 I 3 14110.00120Ct.OC1I251.79ll:00.<:I(II .53E"·('71 .1:';::"'03 I 770. J:. 1 _____ I _____ I _____ l __ ~ ___ I ______ 1 ______ ~ ______ J ________ J ________ ~ __ I __________ 1 

1 1 1 1· 1 1 J 1 1 .1 1 
I :; 1 :; 1 2 1390.001180.001224.25135(1.(101 • 56E+('71 .1~E+(13 I 892. I 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ____ . ____ 1 ___________ 1 __________ 1 

I 1 ·1 1 1 J r J ! ] ] 
I 4 J 1 1 1 1251.791100.(101250.2111('2.75] • 44E"'-(:51 .13E+(l3 "l.Q6 J 

~-----~-----~-----~------~------~------i------i--------~-----------i----------i 
I ~ I i I CW 12~.(t.2111(J(J.f)(!I!~·o.('/)rlB,=I.(1('J .:?ric..f-071 .15E""O:: j :::l.a. r I 
i-----~-----~-----~------~------i------~------~--------~-----------~-------.---~ 
1 6 I :: 1 CI~ 1=::1I.::511(10.(tCI]1:::(I.(I~'iI8('.(l('1 .=::;E~('71 .1~E~·(':: I ~'-'-" I 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ J ___________ l _________ ~1 

TABLE 20. DESIGN TABLE FOR 6SP1 I 

.1-------------------------------1----------------------j----------------------1 I 
I .. . 1. TARGET 1 DESIGN r 
1· . I . . 
·I~------------------------------I---~--~---------------i----------------------i 
I HEAT "TRANSFER AREA 1 2090. I 2577. I 

.~~.:.NUM?ER-OF-HEAT-EXCHANGER5----i---------------;..-.:----~----------------------i 
I:. ABOVE THE PINCH POINT I (I I (I I 

i.l. BELOW THE PINCH POINT I 6 I 6 I 
.'1 OVERALL I 6 I .• 6 1 

: .i --:----------------------------.:. i-------:..--------------i ----------------------i 
.1 HOT UTILITY COt,lSUMF'TlON I. .(1('00 1 . .000(1 ; 
I . 1 . .. ·1------------------------------- ______________________ 17 _____________________ 1 

. . . . I 1 I 

.I. COLD UTlLI7Y C01~SUMF·TION . ·1. .~3(llE ... (17 1 .5301£+07 1 

·i-------------------------------i-:...-------~-------·-----i----------------------~ 
1 OPERATING COST 1 • 2776E·05 1 .::77t.E+05 "!. 

i-------------------------------i----------------------i----------------------i 
I INVESTMENT COST I. 7332. I 7':47. I 

i-------------------------------i---------------------_1 ______________________ 1 
. I I 

1 .. TOTAL COST 1· .3~1(IE .. r:15 1 .3501E+05 - I ·I_:... _____________________________ I_~ ____________________ I _____ ~ ________________ I 

UC"f\T ',...1\" I ,.,nc-c: 
/ 

TABLE 21. PROPERTIES OF THE SOLUTION OF 6SP1 



SAMPLE PROBLEM 
INTRODUCED BY 

AUTHOR(S) 

6SP1 
Lee,Masso,Rudd [20] 

REFERENCE # TOTAL COST 
($/yr) 

Nishida,Liu,Lapidus 2 35010 

Linnhoff,Flower 15 35010 

Le&,Masso,Rudd 20 37331 

Flower,Linnhoff 23 35010 

: Pho,Lapidus 13 35657 

I . , 
: Kelahan,Gaddy 

: Ponton,Donaldson 

30 35048 

21 35407 

: HEXNET 35010 

TABLE 22. COMPARISON TABLE FOR 6SP1 
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The total cost of the network developed by DESIGN is 

cheaper than the networks synthesized by most of the 

previous investigators such as Lee et.al., Pho and 

Lapidus, and Ponton and Donaldson.The corresponding costs 

of these networks are $37331, $35657, and S35407/yr, 

respectively.Note that the total cost of the network 

obtained by Lee et.al. is given here as $37331/yr. This 

value was given iricorre~tly as $35108/yr by Lee et.al. 

and $35714/yr by Pho and Lapidus. Although a 

computational error in the work'of Lee et.al. was found 
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earlier by Pho and Lapidus, there still exists another 

computational error related with ~Tm~n constraint. 

The solution by Kelahan and Gaddy is not feasible 

since minimum approach temperature is 5.6 <=>c for their 

structure. 

The network which is confirmed by DESIGN costs 

$35010/yr and is tne definite optimum solution. 

~ ~~~~~~~~~~=~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I ~., 
1 ' I. 
I 11 I N I I'JUM APPROACH TS.·~PEF:ATURE: :0. 0,0 I~ 
! <.' r 
I~NUM8ERI--TYPE-I-TEM?ER~TURE-I-(~)-HE~T-I----HEAT----I-------I-------~----~-I' 

1 OF 1 OF' 1 I CAj:'ACITY 1 TRANSFER I PHASE I ., I' 
I STREAM I STREnMI--I~--l--CUT-I FLOW RATEl COEFFICIENTI CHANGE I HEAT LOAD I 
II! 1 1 I I 1 I· 1------- ------- ------1------1----------1------------1-------1---------------I 

,r 1 I heT I 44( •. 01 150.01 :~lo)(l<).OO I 300.00000 I NO I 812('000.00001 1 _______ 1 _______ 1 ______ 1 ______ 1 __________ 1 ____________ 1 _______ 1 _______________ 1 

I 1 I I I 'I I I .1 
I 2 1 HOT I 5:20.01 300.01 2380').00 I 300.00000 I NO I 5:36000.00001 
I_~ _____ I _______ I _____ ._I ______ I __________ 1 ____________ 1 _______ 1 _______________ 1 

I I I, I 1 1 I 1 I 
1 3 1 HOT 1 39.).01 150.01 33600.00 1 300.00000 1 NO I 8064000.00001 I _______ I_~ _____ I ______ I ______ I __________ I ____________ I _______ I _______________ I 

1 1 1 I I I 1 I I 
1 1 1 COLD I 10':'.01 430.01 '16000.00 1 ,300.('0000 1 NO 1 -5280000.00001 
1 _______ I _______ I ______ I ______ l __________ 1_~~ __ ~ ______ 1 _______ I _________ ----~-I , 
I 1 I I I 1 I I I 
I 2 I COLD I 18, •• (I I 350.1) I 3::760.00 I ' 3')0.00')01) I NO I -5569:00.0000 I 
I~ ______ " _______ I ______ I ______ I __________ 1 ____________ 1 _______ 1 _______________ 1 

:1 r I 1 { I I 1 
I oj CC:L!) 1 :(h),')I 4('0.0{ :6350,00 1 300.00000 I NO I -5:70000.(11)001 I _______ l_' ______ I ______ I ______ I __________ l ____________ 1 _______ 1 _______________ 1 

I J I I I I 1 1 I 
,{ 4 I COLD I 350.01 410.01 1~e46.00 1 300.00000 1 NO 1 -1190400.0000I 1 _______ 1 _______ 1 ______ 1 ______ 1 __________ 1 ____________ I _______ I _______________ 1 

I 1 
I (¥) in ~Dze of ~hJza change MASS FLOW RATE 1 1 ________________ ~ ___________________________ ~ ________________________________ 1 

MIN I ~lUN :;PF RO .. '\CH TEI'WEr;;, TUF,E: :0.00 
NLmBER 0;:- SULNETWORI<S: 11 
F'INCH TE,~PER,~TU;;;E HOT END:5:0.00 

COLD END: 5(.0. 'h:' 
l',INIML.:;"': UTILITY I":;:;:,HI[\;G: .0')00 
.1INIMl.Jrl UTILITY COOLING: 411(14')0.00':11) 

TABLE 23. STREAM DATA FOR 7SPl 



130 

I I 
I DESIGN TABLE FOR 7SPI I 
1 .. 1 

. �-----j-NuMBER-OF-I----INLET----j----5uTLET---j--------I--D~ERALL--I----------I 
1- . 1 STREAM 1 TEMPERATURES I TEMPERATURSS1 1 HEAT' 1 I 
1 'HEX 1 ___________ 1 _____________ 1 _____________ 1 HI;;AT I TR"'t·!SI=ER I AREA r 
I # I HOT I COLDl HOT I COLD I HOT I COLD I LOAD lCOEFFICIENTI I. 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ 1 

II I 1 1 I I I r I I 
1, .. 1 1 _4 1 4 1520.001350.001370.001410.001 .12E+07I .15::;:+03 I 150. 1 .1--___ I _____ I _____ I ______ I ______ I ______ I_L ____ l~ _______ 1 ___________ 1 __________ 1 
I. 1 1 1 I 1 I . I 1 1 1 

'. I.'. 2 I :2 1 1 1520.001177.151264.981430.001 .40E+07I .15E+03 I 303.' I 
1 __ ' _ 1 _____ I _____ 1 ______ 1 ____ ~_ I ______ I ______ I ________ I ______ ~ ____ I __________ I 

1 1 1'1 1 1 1 I 1 I 
1 3 1 1 1 3 1440.001200.001251.791400.001 .53E+071 • 13E+03 I 770. I 
1 .:. ____ I _____ 1 _____ 1 ______ I ______ 1 ______ 1 _____ ·_ 1 ________ 1 ___________ 1 __________ 1 

1111 1 I 1 1 1 1 I 
1 4 I 3 I 2 1390.001180.001224.251350.')01 .56E+071 • 15E+03 1 882. 1 
I~ ____ I _____ I _____ I ______ I ______ I __ ~ __ I ______ I ________ I~~ _________ I __________ I 

1 I 1 1 1 1 1 I 1 .1 1 
·1·· .. 51 11 11251.791100.001207.701177.151 .12E+07I .15E+O:: 1 91.3 1 
I~ ___ I _____ I _____ I ______ I ______ I ______ I ______ I ________ I ___________ 1 __________ 1 

1111 II I I I I I 
I: 6 I '1 1 CW 1207.701100.00I150.00I1BO.OOI .16E+071 .15E+03 1·295. I I;.:, ___ I_.:. ___ I _____ I ______ I ____ ~_I ______ I ______ I ________ I ___________ 1 __________ 1 

1- 1 1 I. I I 1 1 I I I 
1 7' 1 3 I CW 1224.251100.001150.001180.001 .25E+07I .15E+03 I 353. - 1 
I~ __ ~ 1 _.:. ___ 1 .:. ____ 1 __ ,.. .... __ 1 ______ 1 _-,-_~_."':'. I ______ I :-::-__ :-_-:---: 1 ____ ..: ____ .:._ I _____ ..:. ____ 1 

TABLE 24. DESIGN TABLE FOR 7SPl 

-----------------------------------------------------------------------------
1 ~ I I 
1 I T (\':;:=ET T DES I r:;~1 1 
1 1 I 1 
t-----~---------------~---------I--------------~--:------1----------------------1 

1 HEAT TRANSFER AREA 1 :587. 2835. 
I 1 _______________________________ I _______ .:. ______________ ! ________________________ : 

1 NU~1E'ER OF HEAT EXCHANGERS I r· I 
1 . ABOVE THE PINCH POINT I (0 r (. 
I BELOW THE PINCH POINT I 7 I 7 
1 OVERALL 1 7 I 7 ! 1 _______________________________ 1 ______________________ 1 _____________________ _ 

I 1 1'-
.' 

I 
: I. HOT UTILITY COIJSUMPTION I .(1(")') I .O('(J(J I 

1 _______________________________ I _____ . ___________________ I ______________________ I 

I III 
I COLD UTILITY CONSUMPTION I .4110C+07 I .41 I ('E+('7 1 _______________________________ 1 ______________________ 1 _____________________ _ 

1 I 1 
r OPERATING COST I' • 2184E+1)5 I • 2184E+':::; 1 _____________________________________________________ 1 ______________________ _ 

I 1 
I INVESTMENT COST . I 8388. 1 847:'. 1 1 _______________________________ 1 ______________________ 1 ______________________ 1 

I I I I 
I TOTAL COST _ . I .3042E+('5 I • ::r)::;I~'('5 .1 _______________________________ 1 ___________________ 7 __ 1 ______________________ 1 

NUMEoER OF INDEPENDENT HEAT LOM) LOOT'S IS: .) 

TABLE 25. PROPERTIES OF THE SOLUTION OF 7SPl 



SAMPLE PROBLEM 
INTRODUCED BY 

AUTHOR(S) 

, Linnhoff,Flower 

Ponton,Donaldson 

Pho,Lapidus 

: Masso,Rudd 

: HEXNET 

7SPl 
Masso,Rudd [1] 

REFERENCE # 

15 

21 

13 

1 

TABLE 26. COMPARISON TABLE FOR 7SPl 

TOTAL COST 
($/yr) 

30172 

30172 

31700 

34376 

30309 
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7SPl has been solved by Masso and Rudd, Pho and 

Lapidus, Ponton and Donaldson and Linnhoff and Flower. 

Pho and Lapidus claimed an annual cost of $30433 for 

their solution owing to an error in cooling water 

costs.The true cost for their solution is approximately 

$31700/yr. 

Ponton and Donalson did not present a network but 

reported finding· one (by means of their H/2H algorithm) 

costing $30172/yr.It seems quite certain that they found 

the same structu~e with Linnhoff and Flower. 

The solution by ·DESIGNdiffers from this optimal cost 

by 0.45 per cent and is the only solution which employs 

stream splitting. 



[ 

[ STREAM DATA FOR 7S~2 [ _____________________________________________________________________________ 1 

1 I 
i 1 MINIMUM APPROACH TEMPERATURE: :':0.00 r 1 _____________________________________________________________________________ 1 

1 NUMFER [ TYPE I TEMPERATURE I (') HEAT [ HEAT I I I 
1 OF I OF I I CAPAC I TY I TR~NSI'"ER r P~ASE:: I I 

. I STREAM I STREAMI--IN-----Ciu;:-[ FLOW nATEI COSFFIC!ENTI CFAtlSE! HEAT LOAD r 1 _______ 1 _______ 1 ____________ 1 __________ 1---_________ 1 _______ 1 _______________ I 

1 III I II 1 I [ 
1 1 [ HOT 1 590.01 400.0I 23760.00 [ ::;00.00000 1 No'r 4314400.0000[ I _______ I _______ I ______ I~ _____ I~ _________ I ____________ 1 ______ :1 _______________ 1 

I I 1 I· I 1 1 '1 r 
1 2 I HOT I 471.01 200.0I 15770.00 I 300.000('0 I NO 4:7367('.0<)001 

I I __ ~ ____ I _______ I ______ I ______ I ___ ~ ______ I ____ ~ _______ I _______ I~ ______________ [ 
I'.I 1 I III [ . I 
1 .;.. I HOT 1 533.01 150.01 132.)0.00 I 300.0000(' I NO I ,505:'600.00('01 
1~~ _____ I _______ I ______ I ______ I __________ I ____________ T _______ 1 _______________ 1 
1 I [ 1 [ 1 [I I 
1 1 1 COLD I 200.01 400.01 16000.0)0 I 300.0~1000 I NO. I -3200000.000('1 

~-------~-------~------i------i----------i-----""------i-------i--------------~~ 
1 2 I COLD I 100.01 4:::;0.01 16(100.00 [ 30".00('00 I NO I -!3::S('oco.OO(l('1 I _______ I _______ I ______ I ______ I __________ I ________ ~ ___ 1 _______ 1 _______________ 1 

1 I 1.1 1 1 1 1 1 
. I. ::; I COLD I 300.01 4')0.01 41280.00 I 300.00(1(1(' i NO I -4128000.0000I 
-I I· I I I 1 1 ' I· I 
I-------I~------I------I------I----------[------------I-------1---------------[ 

1 4 I. COLD 1 150.01 280.01 26240.00 [ 300.(10(>(") I NO I -34 11:::00.0('001 
I~~ _____ I _______ I ______ I ______ i __________ I ____________ 1 _______ 1 _______________ 1 

1 I 
1 (t) in case of phase ch~nge MASS FLOW RATE 1 1 _____________ ~ __ ~ ______ ~ ____________________________________ ~ ___________ ~ __ ~_I 

MINIMUM AFF'ROACH TEMPERATURE: 20.00 
NUM8ER OF SUBNETWOf':KS: 12 
PINCH TEI":PERATURE HOT END: 120.Qr) 

COLD E~m: 100.00 
MINI:1UM UTILITY HEATING:. 2175530.')0:")0 
M_Hl IMU:1 UTI L lTY CqIJL' fo.!S: .0000 

TABLE 27. STREAM DATA FOR 7SP2 

-----------------------------------------------------------------------------1 
1 DES1GNTAPLE FOR 7SF'2 r 
I __________________________________________ ~-!~--------_____ ~ _________________ 1 

I I NUMBER OF I INLET 1 OUTLET I I OVER;~'-L I I 
r I STRE .. M I TEI"'F'ERlITURES1 T~MF'E"ATIJRSSI r HEAT I 
1 HEX 1 I 1 I HEAT TRI\NSF:::R AR:A J 
I # I-Hor-r-coLD1--Hor-r-coLD-r--Hor-r-EoCD-r LOI\D !CCE~FICrENTr 
1 _____ l_~ ___ I _____ I ______ I _____ ~I ______ ! ______ I ________ 1 _____ . ______ 1 __________ , 

I I I I I 1 I I I I i 
III 3 I = IS33.0QIIOO.OOI!SO.OOJ4t5.981 .51E~·07[ .1~E+O~ d:S. 
1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ____________ 1 ________ , ___________________ ~_! 

1 I I I I 1 I I I 
I 2 I 2 I 4 1416.311150.001200.001280.001 .34E+07r .ISE+03 r 26~. 
1 _____ I _____ 1 _____ I ___ ~ __ I ______ 1 ______ i------I-------_I ___________ l __________ I 
1 I I I I I I I 1., I I 

'I 3 I 1 I 1. 1534.681200.001400.001400.001 .32E+071 • 15E+03 I 1:~. I 
1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ 1 

I I I I I I I T I I I 
r 4 I ::: I 3 1471.001300.001416.311320.891 .B6E+061 • 15E+03 r 43.4 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ : 

1 I 1° I r I I I I I r 
I :5 I 1 I 3 1590.0013:0.8915:::;4.681352.731 .13EofOIi .1CiE+<)3 I 38.9 
1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ 1 

11'1 I I 1 I I I 1 r 
I 6 I 5T I 2 1456.001.415.981456.C'0143('.(II)I .22E<061 ,2('E+03 34.5 

~-----~-----~-----~------~------~------~------i--------!----------- -~--------~ 
I 7 I 5T I ::. 1456.00 I 352.73 I 456. (10 I ,11)0. (11) 1" • 2.:tE "')7 I . ::')E +I~:; 126. 
1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ____________________ _ 

TABLE 28. DESIGN TABLE FOR 7SP2 
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---------------------------------------------------------------------_.-------
1 I I 
1 I TARGET I DES] GN ), 1 _______________________________ 1 ______________________ 1 ______________________ 1 

l' 1 I I 
I HEAT TRANSFER AREA I 1047. I : 064. I 
1; I 1 J 
I--NUMBER-6F-HEAT-EXCHANGERS~---I----------------------T----------------------1 

1 ' ABOVE THE F'lNCH POINT I 7 I 7 I 
1'" BELml THE PINCH f'OINT I (I J (. I 
I ., O\!Ef':ALL ' I 7 I :' I 
,1~ _______ ~ ____________________ 1 ______________________ I ______________ ~ _______ I 
.1 I I I 
'I' HOT UTILITV CONSUMPTION I .2176E+07 I '.2176E"'07 I 
:1~ _____________________________ ~1 ____________ ~ _________ I ____ ~ ________________ l 

1 I I I 
1 : COLD UTI Ll TV CDNSUMF'7I ON I • (1(>00 r • ,)(100) I 
I_~ _____ ~ ______________________ ~I ______________________ 1 ______________________ 1 

l' I 1 J 
'1 OPERATING COST I .2';08E+(;5 r • 211 (18E< (15 ! 

I " I ' ,I 1 I-------------------------------I----------------------1----------------------1 
l' INVESTMENT COST 1 5595. J 4:::;49. J 
I ' , 1 ' I ! 1-------------------------------1----------------------J----------------------I 

. I . TOTAL COST I .2r::'b7E.f.C5 .::86:::E ... ··:.5 I 1 _______________________________ 1 ____________________________________________ 1 

Nl'l"lE<ER OF I I'JDEPENL'Et-'T' HEAT LOAD LOOPS IS: 

TABLE 29. PROPERTIE!LOF THE ~OLUTION OF 7SP2 

-----------------------------------~-----------------

SAMPLE PROBLEM 
INTRODUCED BY 

7SP2 
Masso,Rudd (1) 

AUTHOR(S) REFERENCE ~ TOTAL COST 
($/yr) 

Linnhoff,Flower 15 .28258 

-----~----------------- ------------- ---------------

Pho,Lapidus 13 28518 

Masso,Rudd 1 28628 

• HEXNET 28627 

TABLE 30. COMPARISON TABLE FOR 7SP2 
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Problem 7SP2 was introduced by Masso and Rudd as ,one 

for which lheheat'recovery situation is very easy with 

many feasible structures that employ minimum number of 

units and achieve maximum energy recovery. 
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The solution by Masso and Rudd costs $28628/yr.Though 

this price is almost the same as DESIGN's, 

are very different from each other. 

the networks 

Pho and Lapidus claimed to have found a solution 

costing $28518/yr, but the structure they presented is 

not feasible since at least two streams miss their target 

temper?-tures. 

The optimal network by Linnhoff and Flower can not be 

produced by Pinch Technique since this method locates the 

heaters and coolers after all possible heat exchange 

between process streams is performed. Any cold streams 

above the pinch and/or hot streams below the pinch which 

can not reach their target temperatures by heat exchange 

with the other process streams are matched with utility 

streams.The structure by Linnhoff and Flower includes a 

steam heater located without obeying this order so, can 

not be developed by Pinch method though it 

thermodynamically and economically feasible. 



-----------------------------------------------------------------------------1 1 
I STREAM DATA FOR H.SPI. I 
I _____________________________ ~------------------------_______________________ 1 
1 1 
1 I'l!Nl~LiM ':'Fi';:'O;:'CH TEMFER.:\TURE: 2(1.(10 1 
1 1 
1-~~MBERI--T~C.S-I-TEMPERATURE-I-(;)-HEP.j-I----HsAj----1-------1---------------1 
I OF I CF 1 _____________ 1 CAPACITY 1 TRANSFER 1 PHASE I 1 
I STREAM! STREAM 1 IN lOUT 1 F:"'OW nATEI COEFFrC!EtJT I Cf-,AM?El HEAT LOAD 1 

;-------~-------~-----~~------~----------;------------;-------~---------------~ 
1 1 HOT 1 3:0.01 :0('.01 1667".00 1 3(.0.0"(;00 I NO I :(,(-0';0("(>('(")1 

1 ! 111 1 1 1 . 
1-------1-------1------1------1----------1------------l-------I---------------~ 
1 :? 1 I-1CT 1 ';8(1.01 :80.01 200(10.00 1 300.00::'00 I • NO 1 4('0(>(":00.0('001 

i-------i-------i------i---~--i----------i------------i-------i---------------i 
1 ..;, 1 rOT I 440.(': 150.01 ::80(10.('0 1 300.(>0(00(. 1 NO I 8!:0,)00.(l000l 

i-------i-----~-i------~-----~~~---------i------------i------~i~-------~------i 
I 4! riOT 1 52(>.01 3('0.01 239(10 .• 00 1 3(10.(·0(-(10 1 NO 1 5:::60(1(>.00('('1 
• • 1 1 1 • 
i-------i-------l------1------I--------~-i------------i-------~---------------i 

5 r.:;T I 39,).OI 150.0j ::::6(~'.(1r)! 300.(~O(·)O I r ... c I SC'64,J!)().Ca;O(;! 

i-------~-~-----i------i------i-------~--i------------i-------~------------~--i 
::C~O : !4(~.O! -:::(:.01. 1~';5!).(h) r ::::~:).·~!,)(OO I ~~o I ~:=Ol('·)C'.01)OOI 

r-------r------- ------~------i----------i------------i-------i---------------i 
'2 ~~LD I 240.':II "'::1.0! 115:-0.(,,)! :G:,.,:.(~~!O(J I NO I -'::')::23(t.(1::.d)OI ____________________ I ______ ! __________ ! ____________ I _____________________ _ 

r I I I 1 • . 
'! _.. I -:O~D I !O!).OI 4:::('I.(1! 16(11:.0.00 I 3::.').(,c~·):,(; I ~~o I -5:=0(;;)(1.(1(100: 
1 _______ 1 _______ 1 ______ 1 ______ 1 __________ 1 ____________ 1 _______ 1 ___ .. ___________ ! 

I ! - r I r I 1 I 
4 ::-~~ ! 1St:: •• ;.! ::::;o.o! :::7:;(i.i)ij! 3::(:"f)!)·:~O I r~D -:::~;;.'?~,)O.,=;:=-·':·(t~ r _______ i _______ ! ______ ! ______ : ___ ~ ______ ; ____________ 1 _______ 1 _______________ 1 

I ! I I !. r- ! I 1 
T S I ':C!..:)! :zoo.::.! ... l',':rO.C'-.: :2~:,=,;).f)O I 3(:0. :")<::00 I ~!O I -5::7(;')·)O.('(:(Jor 

_______ 1 _______ , ____________ I~ _________ ! ____________ 1 _______ 1 ______________ _ 

I 
! 

~ _______________________________________________________ ~---------------------l 
~~i:!..!:r_:iJ:1 AFF·~.JA::H TEMPEF\~Tii~E: 20.0(' 
NU~!2ER OF SIJSNE"'t~~O~;.:;s: 17 
f' !i'~C':; TE~r·E~A7lt~c:· HCT Ei~~: 5:0. (;0 

:-:In::,,!~:': UTI~liY :"1C:~T!NG: .Cu)C·.,) 
:-; 1!ll~t-::J!1 UTILITY COOLI;~G: 6';97',70. (lOC:O 

TABLE 31. STREAM DATA FOR lOSP1 

-------------_._--------------------------------------------------------------1 1 
I ~ESI(o,~ TABLE FOR l(1SPl I 
I . I 
1-----I-NUMBER-BF-I----INLE1----I----BulLET---I--------l--B:.ERALL--I----------I 
I 1 STfd::;:-. I TEI-.F'£RATuRES1 TErl;:-i::F~RTUF\ES1 1 HEAT 1 I 
I HEX 1 1. I I HEAT 1 TR~;NSFER 1 AF(EA I 
1 ~ I -;:;Dj-j"-CO::Dl--rio=r-I-COLD-1--Hor-I-COLD-1 LOAD lCOErF1CIENTI I 
1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ I ___________ l _____ ~ ____ l 

III! 11 1 1 I I 1 
I ! 1 4 I :2 I5:(1.001:240.(.(.14:7.';71431.(>(11 .::E+071 .lSE+03 I 111. 1 • _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ 1 

1111 I I 1 I 1 1 I 
I :2 1 :2 I :;; 148( •• 001180.('OI280.(I<:>143('.001 .4C·ET071 .15E+(.3 1 370. 1 1 _____ 1 _____ 1 ____ ~1 ______ 1 ______ 1 ______ 1 ______ 1 ________ I~ __________ 1 __________ 1 

1 I I I I III 1 
I ~. J. ~. I ~ j':t4(J.(J,)J2C,(,.')012::l.7914(J(J.()OI .53£.,.071 .15E+03 I 770. I 
1 _____ 1 _____ 1 _____ 1 ______ 1 __ ~ ___ I ______ I ______ I ________ I ___________ l ___ ~------1 

1 ill 11 III 1 I 
1 4 1 4 1 4 :1,::7.47:::57.39J3(.C>.C>(;1350.(.0I" .30E·dj71 .15E+('3 1 ::-47. 1 
I_:_~_I ___ ~_1 _____ l _____ ~I _____ ~I ______ 1 ______ 1 ________ 1 ___________ 1 __________ 1 

I 11. I I I 1 III 
1 5 I :; I 1 1390.0011'0(1.(10)1::/2.59·33::(1.001 .:6E .. 071 .• 15£ .. 03 1 15;;. . I 1 _____ 1 _____ 1 _____ 1~ _____ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ 1 

I I III III 1 I r 
1 6 1 5 I 4 I:.l:2.5?llEO.(.OJ:237.131:57.39I .25£+071 .15£+03 1 301. I 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ I ______ ~~ __ I 

II I I I I 1 I I I I 
1 7 1 1 1 :: 1:.::C •• OC,1l00.OC'I:4:: .• :?:?IlE<0":'01 .13£+071 .15E+('3 I 60.:3 ·1 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 __ ~ ___ 1 ________ I ___________ I _______ ~ __ 1 
1 I I 1 1) 1 1 I I I 
I B 1 ·1 I CW 1:43.2:1100.00J::OO.00118(1.001 .7:£+061 .15E+03 1 59.9 I 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ 1 

1111 I I 1 1 I 1 1 
19 I :: I CW 1:::;1.7C;·1l(>('.(,('I15( •• OOl·18C •• ('c)1 .:9E+071 .15E+C>3 I 315. 1 1 _____ 1 _____ 1 _____ 1 ______ 1 ______ 1 ______ 1 ______ 1 ________ 1 ___________ 1 __________ 1 

1 III I I 1 I 1 1 J 
r 10 I 5 I CW 1~::.7.13J lCJ( ... O':,I 1~(J.(I~'1100.(H:'1 .=~E""071 .lZE+(13 1 365. I 
17 ____ 1 _____ 1 _____ 1 ______ I ______ I ______ l_~----I-------_l ___________ I ______ ~~~~I 

TABLE 32 .. DESIGN TABLE FOR 10SP1 
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1-····----- - .--- .. --.----.. -.-.... -.---- -i- ----------------- .. ---1--- --- -.--.. ------. -----'1 
I ,l T ~r'{1ET I [,E S 1 uN 1 
1 __________ .. _________ . ___ .. _ .. _____ 1 ______________________ 1 ______________________ 1 

I I I I 
1 H2';T IF:';f\OSFE:·: t·\KE;. 1 ~b84.. I ~S~!. I 

i--·~UM[,ER-OF-h~AT-~XC;4NG~RS----~--------------~-------~----------------------~ 
:i ",[;i:.'.:~ THiO "'I ... Cn Fe,H-iT J (I I u I 
r r~:;::LCt;! 1HE: r-! NCo PD!",.:T 1 10 J 1 (, . I 
1 u'.'EF;{,_L 1 1 (I 1 1 O' I 

. I I ! -----~------------------------- ~ ----------------------1 -----. -------------.----I 
i HGT UYILJTY C[;:~Su.'.~·TlDN I • (,(IVC. I .(>000 I 

~------------------------------~----------------------~-------.... -----:..--------~. 
I COLD UTiLlTY COh:S!.J~lF·TlCON I • 6498E ... 07 I .£.:;C;8~"(>7 I 

~--~----------------------------i~--------------------~~----------------------~ 
1 OPERA! 11'l!8 COST 1. 345:E-+(lS . I • :.4~:2£~C"5 . I 

i~------------------------------~----------------------i---------------------~i 
I ItNESTI'IErH COST . J .10::;:::£-+05 I 9781. I 

• 'J I 
~-------------------------------~----------------------1----------------------1· 
I 10T;.:u .... COST 'I .45')5E",05 I .44;.OE+05 I ; _______________________________ l ______________ ~ _______ 1 _____________________ ~1 

(I 

TABLE 33. PROPERTIES OF THE SOLUTION OF 10SPI 

SAMPLE PROBLEM 
INTRODUCED BY 

AUTHOR(S) 

Linnhoff,Flower 

10SP! 
Pha,Lapidus [13J 

REFERENCE tf 

15 

TOTAL COST 
($/yr) 

43934 
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----------------------- ------------- ---------------I 

Pho,Lapidus 13 44158 

I Nishida,Liu,Lapidus 2 43984 

: HEXNET 44301 

TABLE 34. COMPARISON TABLE FOR 10SPl 

The most complex example in the literature is 10SPl 

which was first presented by Pho and Lapidus. The optimal 

solution, costing $43934/yr is obtained by Linnhoff and 

Flower. The network synthesized by DESIGN costs $44301/yr 
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and is only 0.83 per cent more expensive than the optimal 

one. 

None of the two solutions in the above table are 

similar to each other, since they all follow different 

paths which are numereous when dealing with such big 

problems. 

Finally, two more problems will be mentioned here. 

TCl [15] and TC3 [25] are solved by HEXNET and DESIGN and 

the networks obtained are exactly the same as the ones 

given in related papers. 
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CHAPTER. V 

CONCLUSIONS 

This chapter is devoted to conclusions and four 

suqqestions to improve the programs developed durinq this 

study. 

5.1 Conclusions 

Two separate computer proqrams, HEXNET and DESIGN, 

are developed in 

targets by usinq 

Chapter II.As a 

follows: 

this study. The former computes the 

the methods that are discussed in 

summary these tarqets can be listed as 

(i) Minimum utility consumption 

( i i ) Minimum number of heat exchanqers 

(iii) Minimum heat transfer area. 

Conslstency of HEXNET is.checked by runninq several 

problems abstracted from literature and no disaqreement 

is observed in the ca1culation of tarqets (i) and (ii).As 

it is not possible to determine an exact tarqet for heat 

transfer area in case of match·-dependent heat transfer 
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coefficients. an approximation had to be used. This 

approximation is said to be accurate within 10 per cent 

[27], so the user of HEXNET'should always consider the 

limits of confidence. However, this uncertainity has 

almost no meaning since the third target is usually 

approached but not reached by the optimal solutions [12]. 

One superiority of HEXNET is its ability to handle 

the problems in which one or more streams undergo a phase 

change. Such streams are not considered by most of the 

earlier algorithms and limited number of examples are 

available in literature. 

TARGET II is a software package which is recently 

developed by Linnhoff March Process Integration 

Consultants and determines utility (hot and cold) 

requirements of a network [31]. A phase change problem 

can be solved with this package by assuming a fictitious 

temperature change of 0.1 of in the supply temperature of 

the stream either condensing or v~porising.Another recent 

algorithm [24] assumes this value as being 1 K. 

When handling phase change problems, HEXNET does not 

make any assumptions. The target and supply temperatures 

of such streams are kept equal throughout 

computation.Comparison of the results of two procedures 

could not be possible due to absence of examples in 

literattire and the failure in supplying the package 

mentioned above. 

Another superiority of HEXNET is the option related 

with the minimum approach temperature.The user may choose 
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a predetermined ~Tm1.n or let the proqram to compute the 

optimal one.In case of second choice. an outer loop 

employinq Fibonacci search is included and by evaluating 

the total costs of several 

different ~Tm:l.'·') • optilnal 

net~,orks 

approach 

(each wilh 

temperature 

a 

is 

determined.Thus, the user has a chance to investigate the 

effect? of that parameter on his objective. 

The second computer program developed in this study 

is called DESIGN and it performs the synthesis of 

networks which satisfy targels and ( i i) . The fir s t 

target is reached by developing two separate desiqns, one 

above and the other below the pinch. This procedure does 

not allow any heat transfer across the pinch and hence 

yields a solution with minimum utility consumption.The 

networks synthesized by DESIGN also include minimum 

number of heat exchanger units satisfyinq the second 

target.As mentioned earlier. a method to reach such a 

solution is to maximise the heat loads of heat exchangers 

or in other words to carry at least one of the streams 

from its supply to target temperature at each match.An 

apparent disadvantage of DESIGN is the fact that where 

full heat recovery is difficult to achieve. i . e. , where 

more than the minimum number of units have to be used. 

the proqram may YIeld no solution.Few problems in 

literature have lhese.characteristics. 

Generally. the ~umber of possible solutions to a 

problem is more than one. The reason of this is 

straightforward.During the unit by unit generatIon of a 
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network, one may encounter alternative paths to follow 

(e. q. thermodynamic constraints may allow a cold(hot) 

stream to be matched with one of the two different 

hot(cold) streams). The path followed at such a decision 

node, certainly affects the remaining configuration of 

the network. 

encountered, 

fulfills the 

constraints. 

In practice, .,.,hen 

the enqineer selects 

this 

the 

situation is 

solution that 

requirements of his process dependent 

While proqramminq DESIGN. no constraints 

(excludinq thermodynamic ones) are taken into account. 

So. a heuristic apprbach was necessary t6 define the hot 

and the cold side fluids of the next match. The approach 

is explained in details elsewhere (see Chapter III). 

Here the success of this application will be pointed out. 

Chapter IV includes the feasible solutions of nine 

standard problems.AII of the results contain minimum 

number of units and achieve maximum energy recovery.For 

five of them. optimal solutions are confirmed by 

DESIGN.For the others. the maximum deviation from the 

optimal cost is 1.3 per cent which is encountered in case 

of 7SP2.As it has been already mentioned, the heat 

recovery situation is very easy for this problem and one 

can develop 

Ci i) . 

several networks satisfying targets (i) and 

Other deviations. are in the range of 0.18 - 0.83'per 

cent. These differences may be due to different stream or 

desiqn data which are not indicated clearly in most of 

the sources.Asit is .observed by Nishida et.al. [ 2 ] . a 
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small difference of 0.5 Btu/lb. in the latent heat of 

steam used will lead to a corresponding difference in the 

total cost of the network of the order of $20 to S80/yr. 

5.2 Recommendations 

Heat Integration has become an important subject in 

chemical engineering practice since energy costs have 

increased rapidly for the last decades. It should be 

priorlyaccepted that, applying an underdeveloping 

technique to industrial processes; each sho'\'Ting a variety 

of difficulties and problems within itself, is a hard 

project to handle. The recommendation part of this study 

some of the major steps to be taken in order to 

satisfy some particular needs of industrial problems. 

The following suggestions may be realised by adding 

new subprograms to the existing files. However, computer 

programs developed in this work are so arranged that it 

is aiso possible to generate new programs which can stay 

in contact "lith the existing ones by proper file 

operations. 

The first suggestion is rel~ted with the constraihts. 

Designers are always faced with many more constraints 

than purely thermodynamic ones when designinq heat 

exchanqer networks. The forbidden matches constitute a 

major part of such co~straints. There are many reasons 

why a designer might want to forbid a match between any 

qiven pair of streams, for example corrosion and safety 
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problems.lonq pipe runs required. or controllability. 

Imposinq a forbidden match might or miqht not affect the 

possible energy recovery of the network. In qeneral heat 

exchanqer networks, the problem of deciding whether or 

not a forbidden match constraint will affect the energy 

target, 

However. 

and if so by how much. is a' d iff i cu I t one. 

there are some alqorithms that riqorously solve 

thi~ problem [19]. 

When it comes to a design method for forbidden-malch 

problems, an equivalent of the pinch desiqn method has 

not been developed yet. At the moment. the best way to 

approach the problem is probably to produce an 

"unconstrained" maximum energy recovery design by the 

pinch design method. and then to modify it in the light 

of the constraint and the modified energy target (4]. 

Secondly, look at the constraint of imposed 

matches. For reasons of operability (e.q. start up and 

control). layout and in order to re-use existing units in 

.. revamps·1 . the designer may want to include a certain 

match in his design. The same question arised above. is 

also valid in case of imposed matches. Remaining problem 

analysis which is explained ih subsection 2.2.3.3. is a 

powerful tool to determine if extra utility requirement 

is necessary. Implementation of these constraints to a 

computer proqram seems to be a difficult task un'less 

algorithms LP, MILP, NLP are employed. Problem Table 

method is not a suitable procedure t.o determine energy 

target under such con~traints. since this method is based 
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upon formation of superstreams and no exact solution can 

be proposed if two streams which would not be matched 

take place in the same interval or the placement of a 

heater or cooler on a certain stream at a certain 

temperature is required for some reasons. 

The second suggestion is related with the usage of 

multiple utilities. This application as explained in 

section 2.2.5. is more realistic than one hot/one cold 

utility case. Durinq the development of a computer 

program ,it is thought that, the major problem that may 

arise, is to determine where to start the design since 

multiple utilities often introduce multiple pinch points. 

The recommendation is to design away from the most 

constrained pinch first (see section 2.2.5.2). In any 

case,it may be a hard work to "teach" a computer how to 

determine the most constrained pinch. As it is the case 

in almost all steps of this work. one should include 

numerous responses to a variety of possibilities which 

differ from one problem to an other. 

Third suggestion is about the development of a 

comprehensive loop-breaking evolutionary method for 

energy relaxation. As it is indicated in section 2.2.4. 

this 

offs. 

is the only way to determine capital/energy trade-

It is thouqht to be beneficial to define a step by 

step procedure 

sacrifice. 

for reducing units at minimum energy 

* Identify a loop (across the pinch). 
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The problem that may arise at this step is the 

identification of complex loops. Such loops qenerally 

occur when the streams are splitted in order to reach 

maximum enerqy recovery desiqn. The only way to trace out 

a loop seems to be a trial-error procedure. 

* Break the loop by subtracting and adding heat load X. 

As mentioned by Linnhoff et.al. [4] it is not 

possible a priori to say the removal of which unit will 

lead to the smallest energy relaxation. This should also 

necessitate some trials before reaching a final solution. 

* Recalculate network temperatures and identify the 

!:. Trn:l. n violations. 

* Find a relaxation path and formulate T=f(X). 

Now, one should exploit a path through the 

network. Complex paths may also occur and trial-error 

procedure seems to be the only way to solve such a 

problem. Begininq from one of the heaters. one must trace­

out all possible paths which must be suitable for energy 

relaxation and end by reaching a cooler. 

* Restore !:. Tm~.n. 

* Calculate the capital 

cord i gura t 1 on. 

and enerqy costs of the new 

* If exist. repeat the same procedure .for other loops. 

A final suqqestion is about the computer 

implementation of retrofit design procedure. Since many 

existinq plants need heat inteqration to save enerqy. 

special emphasis should be placed on this task. B I 0",,'. a 
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proposal for the development of such a proqram is given. 

HEXNET may aid to the proqrammer by defining the 

targets arid pinch temperature. The topoloqy of the 

network to be improved should be read from a data file. 

Knowing the topology and pinch temperature. one can 

easily identify the cross-pinch e*chanqers. This 

constitutes the first step of the procedure summarised in 

section 2.2.6.3. While completinq the net\olork. a sub-

program similar to the one utilised by DESIGN (or may be 

the DESIGN itself!) is necessary. Here, it is thought 

that, the proqiammerwill face a difficulty in re-using 

existing units. 

flexibilities 

duties. 

It should be tedius work to make use of 

in order to fit old exchanqers into new 



147 

APPENDIX A 

FIBONACCI SEARCH 

Appendix A summarizes the basic principles of the 

search technique which is employed in this study to 

determine the optimal approach temperature.Hore 

information can be obtained from [11J. 

Suppose that we place two points and 

symmetrically within the interval a ~ x ~ b, as show'n in 

line (I) of Figure A.1.If y(x::.::) > Y(Xl,), then we form a 

new search interval X1 ~ x ~ b, as line (II) of Figure 

A.1. We could, if we "'ish, place two new search points 

\',i thin the new interval and repeat the above search 

procedure. Instead, however, let us take advantage of the 

fact that xz has already been placed in our new search 

interval from the previous search interval, and that 

Y(Xz) has already been evaluated.Therefore, let us place 

only one ne,·, search point :-::::!!: within our new interval, 

locating it symmetrically with respect to x:;;~. The 

arrangement of the search points within the new search 

interval is shown in line (III) of Figure A.1.Notice that 

by locating the search points symmetrically within any 

interval we shall always have subintervals of the same 

length, regardless of ",hi ch search point yields the 



1-1" ---Ll---I' I 
D .e----)l-J:i-":~~_-~_-~~~_-L-2 .... )l.:....~l~~~~~~~~:r 

xJ •• -----........ e....----_e b' 
X2 

(I) 

(II) 

(III ) 

Figure A.l- Search p~int arrange~ent in a Fibonacci 
Search (11J 

Ina>:imum; i. e •• 
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(A-l) 

Observe also lhat th~ searchpoinls'~apidly move toward 

each other in successive search intervals. 

Let us now require thal Ln. lhe 'inl~r~al of 

uncertainly ",·hich resulls from the sequential placement 

of n search poinls. be minimi~ed.We have already seen 

thal the last'two search poinls hn-:l' and Xn IIlusl be 

symmetrically spaced and a distance E apart within the 

last search interval. as in line (III) of Figure A.2.lf 

'i~_:'preyious s~.arch· ~.~te!~y~l. y(~:-:~ ~:> ·v(x;....~~? _. howeyer • 
. 

then >en-=:: forms the -- new hO\Jndary.of . the 'last search 

interval. and x."..~:l .'- app'ears:~ wi thin the last search 

interval.This is shown in lines (II) and (III) in Figure 

A.2. 
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· f 
• • 'b (I) 

.1'''_31· .1',,_2 

./ L,,-2 

)"(.1'" _ 2) > )"(.1'" _ 3) 

,. L,,_I ., 
.1',,_ 3 • I ' • Ib (II) 

X"-'I.! .1'''-'-1 

'..I L"_I 

(III, 

'Figure A.2- Sequence of uncert~inty intervals in 
Fibonacci Search (llJ 

Notice that the interval of uncertainty Ln - 1 becomes 

the new search interval.Hence we can 

write 

(b xn-:;: + E) 
L ... = (A-2) 

2 
or 

eLM + E) 
Ln = <A-3) 

2 

Notice also that the second-last search interval (i;e .• 
t 

line (II), Figure A.2) can be written 

(b-Xn-::r.) = (b-Xn-~) + (X"'-1-Xn-::r.), (A-4) 

which, from Figure A.2 can be expressed as 

,', (b-Xn:"'3) = L~ + Ln - 1 • , (A-S)' 

However, from l~rie ~~) of Figure A~2 we can see ~hal (b-

the second-last search inlerval, is simply equal 

to L ... -~ providing y(xn-:;:) > y(xn-::r.).Thus we have shown 
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that 

(A-6) 

which can be generalized to read 

i= 1,2, .... ,n-2. (A-7) 

The arguments that led to the above equations are not 

dependent upon which of the two search points in a given 

search interval yields the greater value for y.In Figure 

A.2, for example, we could have interchanged the 

positions of Xn-2 and Xn-3 in line (J) , and, again 

working our way back from the final interval, obtained 

Equations A-3 and A-7.All that we require for Equations 

A-3 and A-7 to be valid are the symmetrical placement of 

the search points within each search interval and the 

minimum separation of the search points within the last 

search interval. 

Combining Equations A-3 and A-7 to eliminate Ln - 1 

gives 

Ln -2 = 3 L., - E. (A-B) 

By successively applying Equation A-7 we can obtain 

Lr ', -:::J; = 5L., - 2E, 

Lr·,-"1 = BLn - 3E, 

L",.,-k; = F,.,; .... l. L"" - F~.; -3. E . 

(A-g) 

(A-i0) 

(A-ii ) 

The coef f i c ien t s F~.; .... 3. and F~.: -1 can be genera ted by 

the recurrence formula 

F~.; .... 3. = F,.: + F~.: -3. , k= 1 ,2,3, ... , 

providing F,:, = Fl. = 1. In other "lords, each coefficient is 

formed by adding together the tva 

coefficients.The sequence of numbers so formed 

previous 

is knovn 
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as Fibonacci number sequence. The first 40 Fibonacci 

numbers are shown in Table A-l. 

TABLE A-l. COMPILATION OF FIBONACCI NUMBERS 

n F.., n , F.., 

0 1 21 17,711 
1 1 22 28,657 
2 2 23 46,368 
3 3 24 75,025 
4 5 25 121,393 
5 8 26 196,418 
6 13 27 317,811 
7 21 28 514,229 
8 34 29 832,040 
9 55 30 1,346,269 

10 89 31 2,178,309 
11 144 32 3,524,578 
12 233 33 5,702,887 
13 377 34 9,277,465 
14 610 35 14,930,352 
15 987 36 24,157,817 
16 1,597 37 39,088,169 
17 2,584 38 63,245,986 
18 4,181 39 102,334,155 
19 6,765 40 165,580,141 
20 10,946 

Consider the special case of Equation A-l1 "'hen k=n-
1.We have 

L:J. = Fro, Lro, - F.,-:;;zE (A-13) 
or 

1 Fro,-;;;: 
Lr, = L lo + E. (A-14) 

Fro, F ... 

Letting L:J. represents the length of the original search 

interval, Equation A-14 allows us to determine the 

interval of uncereainty remaining after the placement of 

n Fibonacci search points.The interval of uncertainty is 

reduced to less than 1 per cent of the original search 

interval for n=ll, as compared tD n=14 for a dichotomous 
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search. 

Once a Fibonacci search has been started, it is a 

simple matter to continue the placement of successive 

search points becouse of the symmetry that we 

within each interval.The question remains as 

require 

to the 

placement of the first two search points.We can answer 

this guestion by considering the relationship between L1 

and L:;z. 

If we evaluate Equation A-ll for the case of k=n-2, 

we obtain 

L:;:: = F r"-1Ln - F n - 3 E. (A-15) 

Combining 

gives 

this result with Equation A-13 to eliminate Ln 

E, (A-16) 
F r, Fn 

which can be written as 

E. (A-17) 
Fr', Fr', 

Thus from Equation A-17 we can compute L-·.· once "1e 

specify the total number of search points n and a value 

for E.To begin a Fibonacci search within an interval L1 = 

(b-a), we simply locat~ Xl. a distance of L:;;~ units from b, 

and X:;z is placed L2 units from a. 

It should be emphasized that the placement of 

first two search points is based upon the condition that 

Ln, the interval of uncertainty remaining after n search 

points have been explored, is to be minimized.If n=2, the 

Fibonacci search simply reduces to a symmetrical two-
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point search, which minimizes L:;;::.When n=3, we ask if the 

search interval L:;;::= (b-xl.) can be reduced, "\',i th X~ and x~"!."' 

still symmetric in L:;;~ and separated by the minimum 

distance E.For this to be so, Xl. , and consequent ly x:;.;~, 

must be located closer to the center of L1 =(b-a).Thus X2 

would appear in a different location in =(b-

Xl.) .Locating x::!!; symmetrically in L2 , we would not have x:;;-;: 

and x-· separated by E, which violates our original 

premise and either makes y(x:;.;:) and 

indistinguishable or else increases L~.Hence for n=3 we 

see that the Fibonacci· search does indeed minimize the 

remaining interval of uncertainty.We can continue this 

type of logic for higher' n if we wish, and thus \>,e sho,v 

by induction that the Fibonacci search technique 

minimizes Ln. 

Let us now consider what happens when E is allowed to 

vanish.With this condition the last two search points 

will coincide, and Ln will equal Ln - 1 /2.From Equation A-

14, we have, for E=O, 

1 
L:t. (A-18) 

Fn 

Since Xn = X ... -3., hO"lever, we obtain Ln with only (n-1), 

rather than n, search points. 
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