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Process integration�

Heat exchanger network design

Prof François Maréchal
IPESE-IGM-EPFL

Industrial Process and Energy Systems Engineering
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Heat exchangers network synthesis

Goals

Find a heat exchangers network that satisfies:

	 - MER

	 - Minimum number of units

	 - Minimum investment

 	- Other criteria

- Which hot stream with which cold stream ?


- What is the heat exchanged ?


- What is the structure : serial or //, ...

Above pinch point 
Drive hot streams to the pinch point without cold utility
Below pinch point
Drive the cold streams to the pinch point without hot utility
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T(°K)

Q(kW)

Qcmin

DTmin

Qhmin

DTmin
HEAT 
      SINK

HEAT
   SOURCE

Pinch point

Two independent sub-systems
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Grid representation of HEN

Pinch 

22

Te
m

pe
ra

tu
re

s

Streams are vertical lines with a clear location of the pinch point (do not use real temperature scales as streams 
might have infinite cp when phase change occur).
Pinch streams are streams that are start from or cross the pinch
Heat exchangers are represented by horizontal lines with 2 circles identifying the connected streams. Counter 
current heat exchangers have therefore the hot end at the top and the cold end at the bottom, logmean 
temperature difference are easy to identify 

T2c,o

T2c,i

T2h,i

T2h,o

A2 =
Q̇2 · ( 1

↵2h
+ 1

↵2c
)

�Tlm,2

�T2,low = T2h,o � T2c,i

�T2,up = T2h,i � T2c,o

�Tlm,2 =
�T2,up ��T2,low

ln( �T2,up

�T2,low
)

Q̇2 = Ṁ2ccp2c(T2c,o � T2c,i)

Q̇2 = Ṁ2hcp2h(T2h,i � T2h,o)
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Grid representation of HEN

Pinch 

22

33

Pinch heat exchangers

Pinch heat exchangers are heat 
exchanger for which one end (both 
streams) is at the pinch point, i.e. 
have             at one end�Tmin

1
Non Pinch heat 
exchangers

4 4
1

4 Parallel exchangers1

3 4 Sequential

exchangers (hot side)

Streams with inlet and outlet temperatures
Te

m
pe

ra
tu

re
s

T2c,o

T2c,i

T2h,i

T2h,o
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Feasibility rules for heat exchanger placement

• At the pinch point : i.e. for pinch streams
– Temperature difference  is known : DTmin
– Above (or Below) the goal is known

• above : cool down to pinch without cold utility
• below : heat up to pinch without hot utility

• => Feasibility rules for pinch heat exchangers
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Number of streams rule

Pinch  point

11
2?

Hot streamsCold streams

Npinch,c � Npinch,h

Above the pinch : 

Start from the pinch point and go towards increasing temperatures

The goal is to cool down hot streams to the pinch without cold utility

�Tmin

Direction of calculation : from the pinch to the highest temperatures
Note for the key streams (hot streams) we start from the target temperature , i.e. reach the pinch and go 
to highest temperatures, i.e. to the start temperature. the reverse for the cold streams, we start from th 
epinch or start temperature and go to the target (finishing with the hot utility).
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Number of streams solution : splitting cold streams

Pinch  point

11
2?

Hot streamsCold streams

Pinch  point

11
2

Hot streamsCold streams

2

Npinch,c � Npinch,h  otherwise split 1 cold stream

Above the pinch : 

Start from the pinch point and go towards increasing temperatures

The goal is to cool down hot streams to the pinch without cold utility

�Tmin

At the pinch we know that the temperature difference is the ∆Tmin , it can therefore be used as the starting 
point for the calculation in order to calculate the other side of the counter current heat exchanger
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CP Rule : for pinch exchangers above the pinch

Pinch  point

11

Hot streams

Cold streams
T (K)

Q̇(kW )

Ṁcph � Ṁcpc

nk�

k=1,k �=h

Ṁcpk �
nk�1�

j=1,j �=c

Ṁcpj�Tmin

AND

Connexion feasibility between c and h

1

1

Thin

Tcout

1
Ṁhcph

Above the pinch : 

Start from the pinch point and go towards increasing temperatures

The goal is to cool down hot streams to the pinch without cold utility

�T � �Tmin

At the pinch we know that the temperature difference is the ∆Tmin , it can therefore be used as the starting 
point for the calculation in order to calculate the other side of the counter current heat exchanger
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CP Rule : for pinch exchangers above the pinch

Pinch  point

11

Hot streams

Cold streams

Pinch  point

Hot streams
Cold streams

11

2 2

T (K)

Q̇(kW )

�Tmin

If Cp rule not satisfied split 1 hot stream

This is reducing the Mcp of hot stream in heat exchanger

 CP rule is satisfied

 Is Number of streams rule still valid ?

Flow decrease
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Feasibility rules for heat exchanger placement

• At the pinch point : i.e. for pinch streams
– Temperature difference  is known : DTmin
– Above (or Below) the goal is known

• above : cool down to pinch without cold utility
• below : heat up to pinch without hot utility

• => Feasibility rules for pinch heat exchangers
– Number of streams 
– Cp rule

“this allows to select in the list of streams the one that could be 
potentially connected”

– What is the heat load ?
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Tick off rule : satisfy the heat load of one stream

Pinch  point

11

Hot streams

Cold streams
T (K)

Q̇(kW )

�Tmin

1

1

Thin

Tcout

1
Ṁhcph

Q̇ = min(Ṁccpc(Tcout � (T �
p ��Tmin/2)), Ṁhcph(Thin � (T �

p + �Tmin/2)))
⇥ Thin,ex, Tcout,ex

Q̇h = Ṁhcph(Thin � (T �
p + �Tmin/2))

Q̇c = Ṁccpc(Tcout � (T �
p ��Tmin/2))

In order to satisfy the minimum number of units rule

Above the pinch 
Calculation starts from the 
pinch and goes to higher 
temperatures

Both side !!!

We calculate the inlet 
conditions of the hot stream 
and the outlet conditions of 
the cold stream

Thin,ex = T ⇤
p +�Tmin/2 +

Q̇

Ṁhcph
Tcout,ex = T ⇤

p ��Tmin/2 +
Q̇

Ṁccpc
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Heuristic rules

Rules

1 - Order the streams by decreasing Cp

-> exchange first between the 
highest Cp

2 - verify feasibility rules and split if no connection found

3 - The heat load is calculated to satisfy the heat load of one of the two 
stream involved : “tick-off”

- work from the pinch

4 - Place the utilities at the end of the streams (control purposes)

Goals :


Above the pinch point: cool down the hot streams without cold utilities.


Below the pinch point : heat up the cold streams without hot utilities.

Start with pinch exchangers
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Remaining problem analysis

Toh Tih

Tic Toc

T1 T2
T3T4

Initial problem:


Hot stream	 : Tih -> Toh


Cold stream: Tic -> Toc

Remaining problem

New Hot streams: 
Tih -> T2
T1 -> Toh

New Cold streams:
Tic -> T4
T3 -> Toc

Place a heat exchanger

=> MER0

if MER1=MER0 

=> Exchanger is well placed 

=>MER1
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The synthesis of the HEN synthesis algorithm

{k} ordered list of Key streams with decreasing Cp at the 
pinch point

{k-1} the other streams

Key streams :

Above the pinch point : hot streams
Below the pinch point : cold streams

€ 

Nk ≤ Nk−1

€ 

˙ m kcpk ≤ ˙ m k−1cpk−1

et ˙ m icpi
i =1,i ≠k

nk

∑ ≤ ˙ m jcpj
j =1, j≠ k−1

nk−1

∑

Split {k-1} stream

Split 1 {k} streamAll examined

Place the exchanger
Tick-off

Remaining problem

accept suppress

New data set

yes

yes

yes

yes

no

no

no
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Optimal DTMIN for heat exchangers

• Two different values of DTmin
– HRAT (Heat Recovery Approach Temperature)

• Used to compute energy targets
• 1 single value for the system level
• independent of the HEN structure
• Used to identify pinch point

– EMATi (Exchanger Minimum Approach 
Temperature)
• Used for the optimal use of the heat exchangers
• for each heat exchanger
• HEN structure dependent
• Optimal Heat exchanger area usage

EMATi � EMAT 8i 2 {Heat Exchangers}
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T1iT1o

T2oT2i
T1i

T2oT1o

T2i

VL-VL

L L L

V
L-VL

LLL
A1

A2
A3

A=
n
?
i=1
Ai=

n
?
i=1

Qi
UDTlmi

Heat and mass balances
Rating equations
Specifications :

F(X) = 0
Bounds and limits

G(X) ≤ 0

X : flows (split factors, utility flows), pressure, temperature, area, heat 
exchanged, ...

Constraints

NLP(Non Linear Programming) optimisation problem

€ 

Ai = Az,i
z =1

nz i

∑ =
Qiz

U izΔTlmizz =1

nzi

∑

Calculating of the optimal HEX areas

Minimise = (
Nu�

u=1

c+
u · Ṁu) · timeyear +

1
�

Nex�

ex=1

(aex(Aex)bex)

Optimising the flows (e.g. in splitters and utility streams) and temperatures therefore changing the heat exchange areas allows to  calculate the best 
∆Tmin value for each of the heat exchangers (EMAT). The calculation is a non linear programming problem that can be quite complex to solve, due 
to the interrelations between the heat exchangers and the difficulty of the infeasible heat exchanges (∆T < 0).
Non linear programming : class of optimisation that involves non linear equality (heat balances, heat transfer) and inequality constraints (flows >0, 
∆T>0).
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Difficulty of the method

• Sequential approach
– interdependent decisions

• Multiple solutions
• Do we reach the minimum number of units ?
• Is the network optimal ?

• Reducing the number of units
– save the (fixed part) of investment
– first m2 costs more

• Optimisation is needed
• EMATi optimisation
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Heat load distribution

Hot stream i Cold streams j

T*k+1

T*k

Qik

Qikj
Qikj
Qikj

Hot stream i in temperature interval k

Cold stream j in and above temperature interval k

connection between  i et j (integer variable)

Qjk

Qjk
Qjk

€ 

Qikj
j=1

nc

∑ =Qik ∀i = 1,...,nh;∀k = k1, ...,k2

€ 

Qirj
r =k

k2

∑ − yijQmax ij ≤ 0 ∀j =1,...,nc;∀i =1,...,nh

€ 

r= k

k2

∑ Qirj − Qjr
r= k

k 2

∑
i=1

nh

∑ ≤ 0 ∀j =1,...,nc;∀k = k1, ...,k2
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Heat load distribution

MILP  formulation


Minimize the number of connections

€ 

Min
yij ,Qikj

yij
j=1

nc

∑
i=1

nh

∑

Qikj
j=1

nc

∑ =Qik ∀i =1,...,nh;∀k = k1, ...,k2

r= k

k2

∑ Qirj − Qjr
r= k

k 2

∑
i=1

nh

∑ ≤ 0 ∀j = 1,...,nc;∀k = k1, ...,k2

Qirj
r =k

k2

∑ − yijQmax ij ≤ 0 ∀j = 1,...,nc;∀i =1,...,nh

€ 

yij ∈ 0,1{ }
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Multiple solutions 

• Add heuristic rules

– favor the connexion with utility streams

– favor close connexions

– favor connexion in closer sub-systems


• A heuristic rule is applied only if it does not penalize 
the minimum number of solution target
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Introduce heuristic rules in MILP programs
• The weight of priority rule k is given by :


– the number of possible connexions satisfying rule k


– an improved objective function :

Pk =
ncX

j=1

nhX

i=1

(pkij)

min
yijQikj

NT =
ncX

j=1

nhX

i=1

(
pij�1Y

k=1

(Pk + 1) yij)

Qr
k=1 (Pk + 1)

Qr�1
k=1 (Pk + 1)

= Pr + 1 >
nhX

i=1

ncX

j=1

Prij
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Improving the speed of convergence

Iter= 0
r= 1

yes

P(iter+1)=P(iter)+ IC(iter)

iter=iter+1

no

END

solution ?

solution ?

r=r+1P*(iter) + C(r)

MILP problem

yes

no
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Generating multiple solutions

• Integer cut constraint

– assuming that we know k solutions

– problem k + 1 is defined by adding to the previous MILP 

problem the integer cut constraint

–

Problemk+1 =
Problemk+
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The synthesis method

Calculate the heat load distribution for each section

Multiple solutions using integer cuts

Heuristic rules or user


-> screening and choice of the 
appropriate solution


Define the HEN structure

Apply feasibility rules and heuristics

Splits and serial exchanges


Optimize the HEN

Total cost criteria

no DTmin nor MER fixed
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Heat Load Distribution

400

600

800

1000

1200

1400

pinch

pinchpinch

5409.34 kW

84.99 kW

2786.39 kW

555.86 kW

166.71 kW

46.92 kW156.41 kW20.15 kW5956.76 kW29.12 kW75.91 kW29.99 kW791.44 kW112 kW56.32 kW100.56 kW

1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16
280

300

320

340

360

380

Stream No.

Co
rre

ct
ed

 te
m

pe
ra

tu
re

 [K
]

pinch

pinch

pinch

46.92 kW
156.41 kW
20.15 kW
5956.76 kW
29.12 kW
75.91 kW

29.99 kW

791.44 kW

112 kW

56.32 kW

100.56 kW

421.38 kW

167.25 kW

98.43 kW

3197.68 kW

836.14 kW

3030.43 kW

7297 kW

1602.38 kW

1: pulping ph h1
2: drying st h3
3: drying st h2
4: boiler boi h1
5: boiler boi h2
6: wloop waterhe
7: D1 C Ds
8: D2 C Ds
9: drying air h1
10: pulping ph c1
11: drying air c1
12: water cw
13: boiler boi c1
14: wloop waterco
15: drying st c1
16: C H1 Cs

Streams

Hot stream Cold stream Heat load [kW]
pulping ph h1 pulping ph c1 7297.0
wloop eauhe pulping ph c1 3030.4
D1 C Ds pulping ph c1 836.1
D2 C Ds pulping ph c1 98.4
drying air h1 drying air c1 421.4
drying air h1 water cw 1602.4
boiler boi h2 boiler boi c1 30.0
wloop waterhe boiler boi c1 167.3
drying air h1 wloop waterco 3197.7
drying st h3 drying st c1 100.6
drying st h3 C H1 Cs 791.4
drying st h2 C H1 Cs 112.0
drying air h1 C H1 Cs 56.3

Example zone 1

mailto:francois.marechal@epfl.ch
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Energy Systems Engineering

Non linear optimisation : superstructure

‣ From the results of the 
heat load distribution


‣ super-structure


‣ from  to exchangersyi, j

2. Sequential vs Simultaneous approaches 

7 

mailto:francois.marechal@epfl.ch
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T1iT1o

T2oT2i
T1i

T2oT1o

T2i

VL-VL

L L L

V
L-VL

LLL
A1

A2
A3

A=
n
?
i=1
Ai=

n
?
i=1

Qi
UDTlmi

Heat and mass balances
Rating equations
Specifications :

F(X) = 0
Bounds and limits

G(X) ≤ 0

X : flows (split factors, utility flows), pressure, temperature, area, heat 
exchanged, ...

Constraints

NLP(Non Linear Programming) optimisation problem

€ 

Ai = Az,i
z =1

nz i

∑ =
Qiz

U izΔTlmizz =1

nzi

∑

Calculating of the optimal HEX areas

Minimise = (
Nu�

u=1

c+
u · Ṁu) · timeyear +

1
�

Nex�

ex=1

(aex(Aex)bex)

Optimising the flows (e.g. in splitters and utility streams) and temperatures therefore changing the heat exchange areas allows to  calculate the best 
∆Tmin value for each of the heat exchangers (EMAT). The calculation is a non linear programming problem that can be quite complex to solve, due 
to the interrelations between the heat exchangers and the difficulty of the infeasible heat exchanges (∆T < 0).
Non linear programming : class of optimisation that involves non linear equality (heat balances, heat transfer) and inequality constraints (flows >0, 
∆T>0).
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Mixed Integer Non linear optimisation

2. Sequential vs Simultaneous approaches 

10 
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IPESE
Industrial Process and 

Energy Systems Engineering

MINLP : outer approximation
•Decomposition theorem

– Partition variables in 2 sets
•complicating set (integer)
•continuous variables

– Solve 2 problems
•NLP with fixed integer (lower 

bound)
•MILP : outer-approximate the 

objective function (upper bound)
– Lower = upper => convergence

•integer cut to avoid looping
• Problems :

– NLP converge ?
– Calculation time ?
– Initial set feasible ?
– Derivatives for MILP

•outer approximation

initial integer set

NLP with fixed integers value

optimum ?

yes
reference set=integer set 

no

MILP with linearized system
at NLP solution.

new feasible set
yes

no

solution = reference set
 


