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Process integration�

Targeting the maximum heat recovery in a process

Prof François Maréchal
IPESE-IGM-EPFL

Industrial Process and Energy Systems Engineering
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Process analysis : process units

Raw
materials

Products
By-Products

Energy
Services

Prepare

React
A + B = C

Purify

Recycle

package

HEAT WATER ELECTRICITY

WASTE

COLD “STREAM”
to be heated up
heating requirement

HOT “STREAM”
to be cooled down
cooling requirement
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---> To be heated up
Examples

-Distillation boilers
-Reactants Preheating
-Cooling water
-Steam production
-Cold stream of a refrigeration cycle

Identify the heat transfer requirements

---> To be cooled down
Examples

– Distillation condenser
– Exothermic reactor
– Fumes
– Steam condenser
– Hot stream of a refrigeration cycle

T

H

T

H

Hot Streams Cold Streams

Q̇ = �ṁc

� Tout,c

Tin,c

cpcdT ⇥ ṁccpc(Tin,c � Tout,c)

Target State

Inlet State

Heat load

Heat/temperature profile Heat/temperature profile

•Environment
•to process unit operation

•Environment
•from process unit operation
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CP = A

CP = B

Two hot streams

Q

T

CP = A

CP = A + B

CP = B

Hot Composite Curve
T

Q

Integrating the heat available in the hot streams as a 
function of the temperature

Composite curves
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Heat recovery

CP = A

CP = B

CP = A

CP = A + B

CP = B

Hot streams

Heat exchanger analogy

T

Q

T

Q

DTmin

Heat excess

Heat requirement

Composite curves and pinch point

Hot Composite Curve

Cold Composite Curve

Heat excess and Heat by energy balance from the hot and cold streams needs

Cold streams
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Hot and cold composite curves

Q̇+

Q̇� Q̇ex

Minimum Energy Requirement

Heat recovery 

Hot utility 

cold utility 
  2 5 0 

  3 0 0 

  3 5 0 

  4 0 0 

  4 5 0 

  5 0 0 

  5 5 0 

  6 0 0 

  0   5 0 0 0   1 0 0 0 0   1 5 0 0 0   2 0 0 0 0   2 5 0 0 0   3 0 0 0 0 

T
 (
 K

 )
    
   

   
   

Q ( k W )           

Cold

  c o m p o s i t e   c u r v e Hot

  c o m p o s i t e   c u r v e 

Process hot streams to be cooled down

Process cold streams
to be heated up

Pinch point

DTmin 
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• Heat Balances

• Pinch point constraint
– DTmin Value

• Results

Minimum Energy Requirement results

Heat from the hot streams : Q̇+
hot =

nhot�

i=1

Q̇+
i

Heat to the cold streams : Q̇�cold =
ncold�

j=1

Q̇�j

Minimum heat requirement as hot utility: Q̇+

Minimum cooling requirement as cold utility:
Q̇� = Q̇+ + Q̇+

hot � Q̇�cold

Maximum heat recovery in heat exchangers :

Q̇ex = Q̇�
cold � Q̇+ = Q̇+

hot � Q̇�
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Q

T
Tn+1

Tk

Calculation of the minimum energy requirement

Pinch point = Intersection
+DTmin/2-DTmin/2

3.2 The pinch point

The point where the approach temperature between the two curves is equal to the chosen �Tmin

value is called the pinch point. Usually, the pinch point does not appear at an extreme tem-
perature like in the two streams exchange. Its position localises the temperature of the process
where the heat transfer is the most di⌅cult and the temperature di⇥erences (the driving force) in
the heat exchangers will be the smallest. Away from this point, the exchanges will be easier with
higher approach temperatures. The pinch point identifies the bottleneck of the process in terms
of heat recovery potential. The analysis of the streams in the vicinity of the pinch point will be
of great help to further improve the energy e⌅ciency of the process by changing the operating
conditions of the unit operations concerned in order to create new energy recovery opportunities.

3.3 The heat cascade

Mathematically, the minimum energy requirement is computed by solving the heat cascade (8).
This model is based on the definition of the corrected temperatures that are obtained by reducing
the initial and target temperatures of the hot streams by �T min

2 and increasing the temperatures
of the cold streams by �T min

2 (eq. 6)

T �
h = Th �

�Tmin

2
⇤h ⇥ {hot streams} (6)

T �
c = Tc +

�Tmin

2
⇤c ⇥ {cold streams} (7)

When a pinch occurs between the hot stream h and the cold stream c, the approach tem-
perature between the two streams is equal to �Tmin. Refering to the definition of equation ??,
when Ti � Tj = �Tmin then T �

i � T �
j = 0 which corresponds to an intersection between the two

curves.
The corrected temperatures define an ordered list of nr + 1 increasing temperatures. A

temperature interval r is defined by two successive temperatures : from T �
r to T �

r+1. Considering
Rr, the heat cascaded from the system at a temperature higher than Tr, the energy balance
may be written for each temperature interval. The heat cascade model (eq. 8) is a one degree
of freedom linear programming problem that computes the minimum energy required Q̇+ =
Rnr+1 to balance the needs of the cold streams when recovering the maximum energy from
the hot streams by counter-current heat exchange and cascading the heat excess to the lower
temperatures.

9

Q̇+
Corrected Temperatures or shifted temperatures

Q̇�

Q̇ex
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T*r+1

T*r

Heat balance in one corrected temperature interval 

Rr+1

Heat from the hot streams 
between T*r+1 et T*r

Heat to the cold streams 
between T*r+1 and T*r

hot streamsr�

jr=1

Ṁjrcpjr
(T �

r+1 � T �
r )

cold streamsr�

ir=1

Ṁircpir
(T �

r+1 � T �
r )

Change in the scale : Corrected temperatures !

Heat deficit
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T*r+1

T*r

Heat balance in one corrected temperature interval 

Heat from the hot streams 
between T*r+1 et T*r

Heat to the cold streams 
between T*r+1 and T*r

hot streamsr�

jr=1

Ṁjrcpjr
(T �

r+1 � T �
r )

cold streamsr�

ir=1

Ṁircpir
(T �

r+1 � T �
r )

Change in the scale : Corrected temperatures !

Heat Surplus

Rr
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T*n+1

T*k

Q

T*

Heat balance in one corrected temperature interval 

Rr+1

Rr

Heat from the hot streams 
between T*r+1 et T*r

Heat to the cold streams 
between T*r+1 and T*r

hot streamsr�

jr=1

Ṁjrcpjr
(T �

r+1 � T �
r )

cold streamsr�

ir=1

Ṁircpir
(T �

r+1 � T �
r )

min
Rr

Q̇+ = Rnr+1 (8)

subject to heat balance of the temperature intervals :

Rr =Rr+1

+
�

hr⇤{hot streams in interval r}

Ṁhrcphr
(T ⇥r+1 � T ⇥r )

�
�

cr⇤{cold streams in interval r}

Ṁcrcpcr
(T ⇥r+1 � T ⇥r )

⇤r = 1, ..., nr (9)

and the heat cascade feasibility

Rr ⇥ 0 ⇤r = 1, ..., nr + 1 (10)
With this definition, the value of the heat cascaded from the highest temperature (Rnr+1) repre-
sents the minimum energy requirement (MER) of the process (Q̇+). It is assumed to be supplied
to the process with a hot utility stream with a temperature higher than T ⇥nr+1 + �T min

2 . By heat
balance, Q̇� = R1 represents the heat to be removed from the process by a cold utility with an
expected temperature lower than T ⇥1 � �T min

2 .
The corrected temperature T ⇥rmin

corresponding to the inequality constraint Rrmin = 0 is
the pinch point temperature, it corresponds to a real temperature of T ⇥rmin

+ �T min
2 for the hot

streams and T ⇥rmin
� �T min

2 for the cold streams. When rmin = 1 or rmin = nr +1 the problem is
said to be a threshold problem with respectively no cold utility or hot utility and without pinch
point.

3.4 The problem table method

The problem table method is an algorithm proposed by Linnho� to solve the heat cascade
problem.

10

Change in the scale : Corrected temperatures !

Heat cascade : [ Rr, T*r]
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Heat cascade

min
Rr

Q̇+ = Rnr+1 (8)

subject to heat balance of the temperature intervals :

Rr =Rr+1

+
�

hr⇤{hot streams in interval r}

Ṁhrcphr
(T ⇥r+1 � T ⇥r )

�
�

cr⇤{cold streams in interval r}

Ṁcrcpcr
(T ⇥r+1 � T ⇥r )

⇤r = 1, ..., nr (9)

and the heat cascade feasibility

Rr ⇥ 0 ⇤r = 1, ..., nr + 1 (10)
With this definition, the value of the heat cascaded from the highest temperature (Rnr+1) repre-
sents the minimum energy requirement (MER) of the process (Q̇+). It is assumed to be supplied
to the process with a hot utility stream with a temperature higher than T ⇥nr+1 + �T min

2 . By heat
balance, Q̇� = R1 represents the heat to be removed from the process by a cold utility with an
expected temperature lower than T ⇥1 � �T min

2 .
The corrected temperature T ⇥rmin

corresponding to the inequality constraint Rrmin = 0 is
the pinch point temperature, it corresponds to a real temperature of T ⇥rmin

+ �T min
2 for the hot

streams and T ⇥rmin
� �T min

2 for the cold streams. When rmin = 1 or rmin = nr +1 the problem is
said to be a threshold problem with respectively no cold utility or hot utility and without pinch
point.

3.4 The problem table method

The problem table method is an algorithm proposed by Linnho� to solve the heat cascade
problem.

10

3.2 The pinch point

The point where the approach temperature between the two curves is equal to the chosen �Tmin

value is called the pinch point. Usually, the pinch point does not appear at an extreme tem-
perature like in the two streams exchange. Its position localises the temperature of the process
where the heat transfer is the most di⌅cult and the temperature di⇥erences (the driving force) in
the heat exchangers will be the smallest. Away from this point, the exchanges will be easier with
higher approach temperatures. The pinch point identifies the bottleneck of the process in terms
of heat recovery potential. The analysis of the streams in the vicinity of the pinch point will be
of great help to further improve the energy e⌅ciency of the process by changing the operating
conditions of the unit operations concerned in order to create new energy recovery opportunities.

3.3 The heat cascade

Mathematically, the minimum energy requirement is computed by solving the heat cascade (8).
This model is based on the definition of the corrected temperatures that are obtained by reducing
the initial and target temperatures of the hot streams by �T min

2 and increasing the temperatures
of the cold streams by �T min

2 (eq. 6)

T �
h = Th �

�Tmin

2
⇤h ⇥ {hot streams} (6)

T �
c = Tc +

�Tmin

2
⇤c ⇥ {cold streams} (7)

When a pinch occurs between the hot stream h and the cold stream c, the approach tem-
perature between the two streams is equal to �Tmin. Refering to the definition of equation ??,
when Ti � Tj = �Tmin then T �

i � T �
j = 0 which corresponds to an intersection between the two

curves.
The corrected temperatures define an ordered list of nr + 1 increasing temperatures. A

temperature interval r is defined by two successive temperatures : from T �
r to T �

r+1. Considering
Rr, the heat cascaded from the system at a temperature higher than Tr, the energy balance
may be written for each temperature interval. The heat cascade model (eq. 8) is a one degree
of freedom linear programming problem that computes the minimum energy required Q̇+ =
Rnr+1 to balance the needs of the cold streams when recovering the maximum energy from
the hot streams by counter-current heat exchange and cascading the heat excess to the lower
temperatures.

9
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T*n+1

T*k

Q

T*

Heat balance in one corrected temperature interval 

Rn+1

Heat from the hot streams 
between T*r+1 et T*r

Heat to the cold streams 
between T*r+1 and T*r

hot streamsr�

jr=1

Ṁjrcpjr
(T �

r+1 � T �
r )

cold streamsr�

ir=1

Ṁircpir
(T �

r+1 � T �
r )

Change in the scale : Corrected temperatures !

Heat cascade : [ Rr, T*r]

Rr = Ṙn+1 +
X

h

Ṁhcph(max(T ⇤
r , T

⇤
h,in)�max(T ⇤

r , T
⇤
h,target))

�
X

c

Ṁccpc(max(T ⇤
r , T

⇤
c,target)�max(T ⇤

r , T
⇤
c,in))

h 2 {hot stream segments}, c 2 {cold stream segments}
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Alternative definition

Q̇+ = �min
s

(0, R⇤
s), 8s 2 {hot and cold stream segments}

R⇤
s =

X

h

Ṁhcph(max(T ⇤
s , T

⇤
h,in)�max(T ⇤

s , T
⇤
h,target))

�
X

c

Ṁccpc(max(T ⇤
s , T

⇤
c,target)�max(T ⇤

s , T
⇤
c,in))

h 2 {hot stream segments}, c 2 {cold stream segments}

Q̇� = Q̇+ +
X

h

Q̇h �
X

c

Q̇c
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refrigeration

Heat recovery

Hot utility

cooling utility
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Hot composite curve

Maximum heat recovery Target
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Maximum Heat recovery

by counter-current heat 
exchange

Minimum Energy Requirement

Excess of Energy
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refrigeration

Heat recovery

Hot utility

cooling utility
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refrigeration

Heat recovery

Hot utility

cooling utility
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The heat of hot 
streams is needed by 
the cold streams

Ambient Temperature
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refrigeration

Heat recovery
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refrigeration

Heat recovery

Hot utility

cooling utility
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The heat of hot 
streams is needed by 
the cold streams

Heat source
below ambient temperature
REFRIGERATION
The cold streams can supply 
refrigeration by heat recovery

Ambient Temperature

Pinch point temperature
Heat source
The cold streams are heated by 
the hot streams
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Penalizing heat exchangers

T(°K)

Q(kW)

No cold utility above the pinch point
+Qc

+Qc

Qc
C

No hot utility below the pinch point

+Qh

+Qh

Qh

H

No heat exchange across the pinch point

The heat load across is the penalty

+Q1

+Q1

Q1

Q1

E

E

Exchangers creating penalty
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Mixing unit is a heat exchanger

ṁ2, cp2, T2

ṁ1, cp1, T1

(ṁ1cp1 + ṁ2cp2), T3

ṁ2, cp2, T2 ṁ2, cp2, T3

ṁ1, cp1, T3ṁ1, cp1, T1

(ṁ1cp1 + ṁ2cp2), T3

T

Q

T2

T3

T1

Tp ?

Q̇mix = ṁ1cp1(T3 � T1)

Q̇mix = ṁ2cp2(T2 � T3)


