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Recap

• Importance of Systems Modeling in Renewable Energy

• Modeling systems
– Stream properties
– Thermodynamic relationships
– Unit models

• Heat integration & Pinch Analysis
– Basic Principles
– Composite Curves
– The Heat Cascade and the Grand Composite Curve

• Life Cycle Assessment
– Goal & Scope Definition
– Life Cycle Inventory
– Life Cycle Impact Assessment

• Uncertainty Analysis & The Monte Carlo Method

Objective: Cover the basic principles of Systems Modeling for a Renewable Energy 
Process and be able to model a simple system.
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Pinch analysis

An example:

Key concepts of pinch analysis2
In this section, we will present the key concepts of pinch analysis, showing how it
is possible to set energy targets and achieve them with a network of heat exchan-
gers. These concepts will then be expanded for a wide variety of practical situations
in the following chapters.

2.1 Heat recovery and heat exchange

2.1.1 Basic concepts of heat exchange

Consider the simple process shown in Figure 2.1. There is a chemical reactor, which
will be treated at present as a “black-box”. Liquid is supplied to the reactor and
needs to be heated from near-ambient temperature to the operating temperature of
the reactor. Conversely, a hot liquid product from the separation system needs to be
cooled down to a lower temperature. There is also an additional unheated make-up
stream to the reactor.

Any flow which requires to be heated or cooled, but does not change in compos-
ition, is defined as a stream. The feed, which starts cold and needs to be heated up,
is known as a cold stream. Conversely, the hot product which must be cooled down
is called a hot stream. Conversely, the reaction process is not a stream, because it
involves a change in chemical composition; and the make-up flow is not a stream,
because it is not heated or cooled.

Cooler

Heater
200°

Product

Feed

Reactor

150°50°

20°
H

C

Figure 2.1 Simple process flowsheet

Ch002-H8260.qxd  11/6/06  5:09 PM  Page 15

This could be more efficient...
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Pinch analysis

A slightly more efficient example:

By introducing a heat exchanger, we can recover some 
of the heat, but how much?

Pinch Analysis and Process Integration16

To perform the heating and cooling, a steam heater could be placed on the cold
stream, and a water cooler on the hot stream. The flows are as given in Table 2.1.
Clearly, we will need to supply 180kW of steam heating and 180kW of water cooling
to operate the process.

Can we reduce energy consumption? Yes; if we can recover some heat from the hot
stream and use it to heat the cold stream in a heat exchanger, we will need less steam
and water to satisfy the remaining duties. The flowsheet will then be as in Figure 2.2.
Ideally, of course, we would like to recover all 180kW in the hot stream to heat the
cold stream. However, this is not possible because of temperature limitations. By the
Second Law of Thermodynamics, we can’t use a hot stream at 150°C to heat a cold
stream at 200°C! (As in the informal statement of the Second Law, “you can’t boil a
kettle on ice”). So the question is, how much heat can we actually recover, how big
should the exchanger be, and what will be the temperatures around it?

2.1.2 The temperature–enthalpy diagram

A helpful method of visualisation is the temperature–heat content diagram, as illus-
trated in Figure 2.3. The heat content H of a stream (kW) is frequently called its
enthalpy; this should not be confused with the thermodynamic term, specific

Table 2.1 Data for simple two-stream example

Mass Specific Heat Initial Final Heat
flowrate heat capacity (supply) (target) load 
W (kg/s) capacity flowrate temperature temperature H (kW)

CP (kJ/kgK) CP (kW/K) TS (°C) TT (°C)

Cold 0.25 4 1.0 20 200 !180
stream
Hot 0.4 4.5 1.8 150 50 "180
stream
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Figure 2.2 Simple process flowsheet with heat exchange
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Pinch analysis

How much heat can we recover? We are limited by:
- Temperature difference = the driving force of heat 

exchange
You cannot heat water from 90 to 100°C with water that needs to be cooled from 
80°C to 60°C

- 1st law of thermodynamics: heat loads are conserved
You cannot heat 1kg of water from 90 to 100°C with 1 g of water that needs to be 
cooled from 200°C to 190°C

Pinch Analysis and Process Integration16

To perform the heating and cooling, a steam heater could be placed on the cold
stream, and a water cooler on the hot stream. The flows are as given in Table 2.1.
Clearly, we will need to supply 180kW of steam heating and 180kW of water cooling
to operate the process.

Can we reduce energy consumption? Yes; if we can recover some heat from the hot
stream and use it to heat the cold stream in a heat exchanger, we will need less steam
and water to satisfy the remaining duties. The flowsheet will then be as in Figure 2.2.
Ideally, of course, we would like to recover all 180kW in the hot stream to heat the
cold stream. However, this is not possible because of temperature limitations. By the
Second Law of Thermodynamics, we can’t use a hot stream at 150°C to heat a cold
stream at 200°C! (As in the informal statement of the Second Law, “you can’t boil a
kettle on ice”). So the question is, how much heat can we actually recover, how big
should the exchanger be, and what will be the temperatures around it?

2.1.2 The temperature–enthalpy diagram

A helpful method of visualisation is the temperature–heat content diagram, as illus-
trated in Figure 2.3. The heat content H of a stream (kW) is frequently called its
enthalpy; this should not be confused with the thermodynamic term, specific

Table 2.1 Data for simple two-stream example
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Pinch analysis

Heat load calculation:

Pinch Analysis and Process Integration16

To perform the heating and cooling, a steam heater could be placed on the cold
stream, and a water cooler on the hot stream. The flows are as given in Table 2.1.
Clearly, we will need to supply 180kW of steam heating and 180kW of water cooling
to operate the process.

Can we reduce energy consumption? Yes; if we can recover some heat from the hot
stream and use it to heat the cold stream in a heat exchanger, we will need less steam
and water to satisfy the remaining duties. The flowsheet will then be as in Figure 2.2.
Ideally, of course, we would like to recover all 180kW in the hot stream to heat the
cold stream. However, this is not possible because of temperature limitations. By the
Second Law of Thermodynamics, we can’t use a hot stream at 150°C to heat a cold
stream at 200°C! (As in the informal statement of the Second Law, “you can’t boil a
kettle on ice”). So the question is, how much heat can we actually recover, how big
should the exchanger be, and what will be the temperatures around it?

2.1.2 The temperature–enthalpy diagram

A helpful method of visualisation is the temperature–heat content diagram, as illus-
trated in Figure 2.3. The heat content H of a stream (kW) is frequently called its
enthalpy; this should not be confused with the thermodynamic term, specific
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Q = ΔH = CpdT
T1

T2∫ =Cp (T2 −T1)
For a continuous 
process, we use 
enthalpy

Heat capacity Assuming a 
constant Cp (or 
taking an 
average Cp)
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Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

Q = ΔH =Cp (T2 −T1) or T2 = T1 +
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à Constant Cp

89



3/31/25

4

Pinch analysis
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17Key concepts of pinch analysis

enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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Figure 2.3 Streams plotted on temperature/enthalpy (T/H) diagram with ∆Tmin ! 0
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be different
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17Key concepts of pinch analysis

enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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17Key concepts of pinch analysis

enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,

d
d

1T
Q CP

!

Q CP T CP T T H
T

T

! ! # !d

S

T

T S∫ ∆( )

0

50

100

150

200

250

0 50 100 150 200 250
Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

Heating duty
50 kW

Heat recovery
130 kW

Cooling duty
50 kW

Cold stream
Hot stream

Figure 2.3 Streams plotted on temperature/enthalpy (T/H) diagram with ∆Tmin ! 0

Ch002-H8260.qxd  11/6/06  5:09 PM  Page 17

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

50 100 150 200 250

50

100

150

200

250

We are trying to heat a 
stream with another 
stream at a lower T°
à Impossible!

93



3/31/25

6

Pinch analysis
17Key concepts of pinch analysis

enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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exchange This is a limiting case 
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practice
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17Key concepts of pinch analysis

enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,
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enthalpy (kJ/kg). Differential heat flow dQ, when added to a process stream, will
increase its enthalpy (H) by CP dT, where:

CP ! “heat capacity flowrate” (kW/K) ! mass flow W (kg/s) " specific heat CP
(kJ/kgK)

dT ! differential temperature change

Hence, with CP assumed constant, for a stream requiring heating (“cold” stream)
from a “supply temperature” (TS) to a “target temperature” (TT), the total heat
added will be equal to the stream enthalpy change, i.e.

(2.1)

and the slope of the line representing the stream is:

(2.2)

The T/H diagram can be used to represent heat exchange, because of a very use-
ful feature. Namely, since we are only interested in enthalpy changes of streams, 
a given stream can be plotted anywhere on the enthalpy axis. Provided it has the
same slope and runs between the same supply and target temperatures, then wher-
ever it is drawn on the H-axis, it represents the same stream.

Figure 2.3 shows the hot and cold streams for our example plotted on the T/H
diagram. Note that the hot stream is represented by the line with the arrowhead
pointing to the left, and the cold stream vice versa. For feasible heat exchange
between the two, the hot stream must at all points be hotter than the cold stream,

d
d

1T
Q CP

!

Q CP T CP T T H
T

T

! ! # !d

S

T

T S∫ ∆( )

0

50

100

150

200

250

0 50 100 150 200 250
Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

Heating duty
50 kW

Heat recovery
130 kW

Cooling duty
50 kW

Cold stream
Hot stream

Figure 2.3 Streams plotted on temperature/enthalpy (T/H) diagram with ∆Tmin ! 0

Ch002-H8260.qxd  11/6/06  5:09 PM  Page 17

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

50 100 150 200 250

50

100

150

200

250

Cooling duty
70 kW

Heating duty
70 kW

Heat recovery
110 kW

DTmin=20°C

DTmin is necessary 
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How is DTmin chosen?

DTmin

To
ta

l c
os

ts

Process/energetic 

costs

Capital costs

Total 
costs

Optimal DTmin

Optimization:

Rule of thumb: DTmin= 8°C for gases, 4°C for liquids, 2°C for 
evaporating/condensing streams, and 25°C for reacting streams
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Pinch analysis: complex systems
How to handle more complex (multi-stream) systems?

Heat load (kW)
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What is Q for each T° 
interval?

Cp=A

Cp=B

Cp=C

DH1-2= B (T1-T2)

DH2-3= (A+B+C) (T2-T3)

DH3-4= (A+C) (T3-T4)

DH4-5= A (T4-T5)

Let’s look at three cold streams:
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Pinch analysis: complex systems
If you assume that there are no restrictions in heat 
exchanger configurations, you can just use Qinterval:
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Pinch analysis: complex systems
We can construct a hot and cold composite curves for 
an entire multi-stream process:
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Pinch analysis: the heat cascade
How do you apply this graphical method with a computer?

Can an algorithm be developed for this graphical method?

à This algorithm is referred to as solving the heat 
cascade

Starting point:

Ts =
Ti,in Ti,out Qi

Tj,in Tj,out Qj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

Thermal 
stream matrix:

Inlet
T° of unit i

Outlet T° of unit i
Heat exchanged in unit i

à For continuous 
processes it is 
computed with:

Qi = Hi,out −Hi,in
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Pinch analysis: the heat cascade
From this matrix:

Ts =
Ti,in Ti,out Qi

Tj,in Tj,out Qj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

We can determine the hot and cold streams: 

Heat is received à It’s a cold streamQi = Hi,out −Hi,in > 0

Heat is removed à It’s a hot streamQi = Hi,out −Hi,in < 0

Once identified, it is useful to shift the temperatures of the hot and cold 
streams…

This is extracted 
from your process 
model

Use Q not T° to 
determine the 
type of stream 
(e.g. a positive 
ΔT≠ always a cold 
stream)
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Pinch analysis: the heat cascade

For cold streams:

T *i,in T *
i,out Qi

T *j,in T *
j,out Qj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

Again, for DTmin, we can use:

Qi > 0 T *i = Ti +
ΔTmin
2

For hot streams:

Qi < 0 T *i = Ti −
ΔTmin
2

This results 
in a new 
matrix

- DTmin = 8°C for gaseous streams
- DTmin = 4°C for liquid streams

- DTmin = 2°C for evaporating and condensing streams
- DTmin = 25°C for reacting streams
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Pinch analysis: the heat cascade

This is what the change looks like:

CPB(T1 ! T2). However between T2 and T3 all three streams exist and so the heat
available in this interval is (CPA " CPB " CPC)(T2 ! T1). A series of values of ∆H
for each interval can be obtained in this way, and the result re-plotted against the
interval temperatures as shown in Figure 2.5(b). The resulting T/H plot is a single
curve representing all the hot streams, known as the hot composite curve. A sim-
ilar procedure gives a cold composite curve of all the cold streams in a problem.
The overlap between the composite curves represents the maximum amount of
heat recovery possible within the process. The “overshoot” at the bottom of the hot
composite represents the minimum amount of external cooling required and the
“overshoot” at the top of the cold composite represents the minimum amount of
external heating (Hohmann 1971).

Figure 2.6 shows a typical pair of composite curves – in fact, for the four-stream
problem given in Table 1.1 and repeated as Table 2.2. Shifting of the curves leads to

Pinch Analysis and Process Integration20
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Figure 2.6 Composite curves for four-stream problem

Table 2.2 Data for four-stream example from Chapter 1

Actual temperatures Shifted temperatures

Stream number and type CP (kW/K) TS (°C) TT (°C) SS (°C) ST (°C)

1. Cold 2 20° 135° 25° 140°
2. Hot 3 170° 60° 165° 55°
3. Cold 4 80° 140° 85° 145°
4. Hot 1.5 150° 30° 145° 25°

∆Tmin # 10°C.
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• With this shift, it is easier to identify the pinch…
• You can have stream-specific DTmin without knowing where the pinch is.

This shift make things easier because:
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Pinch analysis: the heat cascade
We also need a Cp for each heat exchange…

This allows us to linearize Cp for each heat exchange (which is not 
necessarily the case for your process model). 

Cp is calculated from the heat exchanged in each unit (Qi):

Cpi =
Qi

Ti,in −Ti,out

A linearized Cp is not the same as using a constant Cp (i.e. 
independent of temperature).

Constant Cp à Cp ≠ f(T)
CpLinearized Cp à     (T1-T2) = [Cp(T1)+Cp(T2)]/2 * (T1-T2) 
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Pinch analysis: the heat cascade
What about phase change?

For a phase change: Tin=Tout

Cpi =
Qi

Ti,in −Ti,out

à Phase changes have Cp = ∞

Two options:
- Identify and treat phase change separately

- Easier algorithm: T *i,out = T *i,out +ΔTmin /1000

Cpphase change >>Cpother

à Cpi =
Qi

ΔTmin /1000

à A good approximation
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Pinch analysis: the heat cascade
At this point, we can define the following matrix:

Ts'=

T *i,in T *
i,out Cpi

T *j,in T *
j,out Cpj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

Modified inlet 
Temperature

Modified outlet 
Temperature Linearized Cp

Don’t forget that:

- Tin or Tout are modified by           for cold streams and         
for hot streams

- Linearized Cp values are calculated from Q and Tin and Tout

+
ΔTmin
2

−
ΔTmin
2
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Pinch analysis: the heat cascade
We now have to find the temperature intervals for our heat 
integration:

Ts'=

T *i,in T *
i,out Cpi

T *j,in T *
j,out Cpj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

Find all unique temperatures (in and out) in Ts’ and form Tint:

Starting point:

Tint =

T *1 T *2
T *2 T *3
T *3 T *4
... ...

!

"

#
#
#
#
#

$

%

&
&
&
&
&

Unique inlet and outlet 
temperatures

We form a matrix of 
temperature intervals 
with the unique inlet 
and outlet 
temperatures:
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Pinch analysis: the heat cascade
Let’s look at what we are trying to do graphically…

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

T5

T4

T3

T2

T1

Cp=A

Cp=B

Cp=C

Let’s look at the following example:
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Pinch analysis: the heat cascade

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

T5

T4

T3

T2

T1

Cp=A

Cp=B

Cp=C

Cp=E

We can 
also add 1 
(or more) 
hot 
streams…

T6
T7

DH1-2= B (T1-T2)

DH2-3= (A+B+C) (T2-T3)

DH3-4= (A+C) (T3-T4)

DH4-5= (A+C-E) (T4-T5)

DH5-6= (A-E) (T5-T6)

DH6-7= (-E) (T6-T7)

We build a composite curve with 
both streams:

Let’s look at what we are trying to do graphically…

Let’s look at the following example:
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Pinch analysis: the heat cascade

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

T5

T4

T3

T2

T1

We can 
also add 1 
(or more) 
hot 
streams…

T6
T7

-DH1-2= -B (T1-T2)

-DH2-3= -(A+B+C) (T2-T3)

-DH3-4= -(A+C) (T3-T4)

-DH4-5= -(A+C-E) (T4-T5)

-DH5-6= -(A-E) (T5-T6)

-DH6-7= -(-E) (T6-T7)

We build a composite curve with 
both streams:

Let’s look at what we are trying to do graphically…

0

Let’s look at the following example:

We have shifted the reference from 
the system to the user!
à We add negative signs.
à This builds one giant hot stream 
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Pinch analysis: the heat cascade

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

T5

T4

T3

T2

T1

We can 
also add 1 
(or more) 
hot 
streams…

T6
T7

Let’s look at what we are trying to do graphically…

This is the pinch point

Let’s go back to trying to do this with a computer…

0

Let’s look at the following example:
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Pinch analysis: the heat cascade
With these two matrices, we can truly start out heat cascade!

Ts'=

T *i,in T *
i,out Cpi

T *j,in T *
j,out Cpj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

Tint =

T *1 T *2
T *2 T *3
T *3 T *4
... ...

!

"

#
#
#
#
#

$

%

&
&
&
&
&

We start with the highest T° interval and cascade down. 

To do this, we have to identify all the units i (or heat streams) 
that operate within a given T° interval…
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Pinch analysis: the heat cascade
With these two matrices, we can truly start out heat cascade!

Ts'=

T *i,in T *
i,out Cpi

T *j,in T *
j,out Cpj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

Tint =

T *1 T *2
T *2 T *3
T *3 T *4
... ...

!

"

#
#
#
#
#

$

%

&
&
&
&
&

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

T5

T4

T3

T2

T1

Cp=A

Cp=B

Cp=C

Cp=E
T6
T7

DH1-2= B (T1-T2)

DH2-3= (A+B+C) (T2-T3)

DH3-4= (A+C) (T3-T4)

DH4-5= (A+C-E) (T4-
T5)
DH5-6= (A-E) (T5-T6)

DH6-7= (-E) (T6-T7)

In other words, we 
need to determine 
which Cp values to 
apply for each T 
interval….
à This is less straightforward 
with a computer than 
graphically!
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Pinch analysis: the heat cascade
With these two matrices, we can truly start out heat cascade!

Ts'=

T *i,in T *
i,out Cpi

T *j,in T *
j,out Cpj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

Tint =

T *1 T *2
T *2 T *3
T *3 T *4
... ...

!

"

#
#
#
#
#

$

%

&
&
&
&
&

We start with the highest T° interval and cascade down. 

To do this, we have to identify all the units i (or heat streams) 
that operate within a given T° interval…

àWe identify the relevant lines in Ts’ for interval k, which we 
call Trel,k

Trel,k = Ts' for which Ts'(i,high)> Tint (k, 2) & Ts'(i, low)< Tint (k,1)
Matrix of relevant lines for interval k High or low temperature of line i in Ts' 
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Pinch analysis: the heat cascade
For each line k of Tint, we include lines from Ts’ for which:

• We identify which lines in Ts’ have a high temperature 
greater than the low temperature of interval k.

• We identify which lines in Ts’ have a low temperature 
smaller than high temperature of interval k

Ts'=

T *i,in T *
i,out Cpi

T *j,in T *
j,out Cpj

... ... ...

!

"

#
#
#
#

$

%

&
&
&
&

Tint =

T *1 T *2
T *2 T *3
T *3 T *4
... ...

!

"

#
#
#
#
#

$

%

&
&
&
&
&

T*3

T*2

T*1

Cpi

Cpj

T*i,high

T*i,low, T*j,low

T*j,high

i and j satisfy condition 1 i and j satisfy condition 2
In this example, lines i and j are used for calculating the cascade of interval k

Trel,k = Ts' for which Ts'(i,high)> Tint (k, 2) & Ts'(i, low)< Tint (k,1)
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Pinch analysis: the heat cascade
Now, the relevant lines for interval k are “stored” in Trel,k. 

With this, we sum up the relevant Cps to calculate the 
heat in interval k:

Qk = ±Cp[ ]∑   (Thigh −Tlow )= Trel,k (i, 3) −
Qi

Qi

"

#
$$

%

&
''

(

)
*
*

+

,
-
-i

∑ (Tint (1, k)−Tint (2, k))
We want a positive sign when 
there is a surplus and a 
negative sign when heat needs 
to be provided

What is needed is the reverse sign of what is 
calculated with the enthalpies, so we calculate that 
sign and then reverse it

Starting at 0 for the first interval, we now calculate the 
cumulative heat that is needed (we “cascade the heat”):

Qc,k = Qk
k
∑

Cumulative heat for interval k
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Pinch analysis: the heat cascade

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

T5

T4

T3

T2

T1

We can 
also add 1 
(or more) 
heat 
streams…

T6
T7

DH1-2= B (T1-T2)

DH2-3= (A+B+C) (T2-T3)

DH3-4= (A+C) (T3-T4)

DH4-5= (A+C-E) (T4-T5)

DH5-6= (A-E) (T5-T6)

DH6-7= (-E) (T6-T7)

We build a composite curve with 
both streams:

Let’s look back at what we were trying to do graphically…

0
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Pinch analysis: the heat cascade

The lowest value of Qc,k is the pinch point.

However, we want all the cascaded heat to be positive 
(because positive heat flows from a high T° to a low T°), 
so we set the pinch to zero:

Q 'c,k =Qc,k + min Qc,k( )
By adding the absolute value of the 
minimum cumulative heat, we shift 
everything to positive values
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Pinch analysis: the heat cascade

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

T5

T4

T3

T2

T1

T6
T7

Let’s look back at what we are trying to do graphically…

This is the pinch point

0

Let’s look at the following example:

min Qc,k( )
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Pinch analysis: the heat cascade

The lowest value of Qc,k is the pinch point.

However, we want all the cascaded heat to be positive 
(because positive heat flows from a high T° to a low T°), 
so we set the pinch to zero:

Q 'c,k =Qc,k + min Qc,k( )
By adding the absolute value of the 
minimum cumulative heat, we shift 
everything to positive values

We are now respecting the golden rule of pinch analysis:
Don’t transfer heat through the pinch!
Otherwise, you would be heating the part of the process 
that needs to be cooled! 
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Pinch analysis: the heat cascade

Heat load (kW)

Te
m

pe
ra

tu
re

 (°
C

)

T5

T4

T3

T2

T1

T6
T7

We now have everything we need to build the Grand 
Composite Curve:

Pinch point

0

min Qc,k( )

GCC =

Tint (1,1) min(Qc,k )

Tint (1, 2) Q 'c,1
Tint (2, 2) Q 'c,2
... ...

Tint (n, 2) Q 'c,n

!

"

#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&

This is the minimum energy requirement (MER)

This is the minimum cooling requirement (MCR)
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Pinch analysis: the heat cascade
How do we fulfill the hot and cold 
utilities?

We have to fit all hot utilities 
above the curve
and all cold utilities below the 
curve

For example:
- Hot utility: gas stream coming 

out at 400°C that needs to be 
cooled to 60°C
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Pinch analysis: the heat cascade
How do we fulfill the hot and cold 
utilities?

We have to fit all hot utilities 
above the curve
and all cold utilities below the 
curve

For example:
- Hot utility: gas stream coming 

out at 400°C that needs to be 
cooled to 60°C

- Cold utility: River water that 
comes in at 15°C and must 
be released no hotter than 
25°C 0 20 40 60 800
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Pinch analysis: the heat cascade
How do we fulfill the hot and cold 
utilities?

We have to fit all hot utilities 
above the curve
and all cold utilities below the 
curve

For example:
- Hot utility: gas stream coming 

out at 400°C that needs to be 
cooled to 60°C

- Cold utility: River water that 
comes in at 15°C and must 
be released no hotter than 
25°C 0 20 40 60 800
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Pinch analysis: the heat cascade
How do we fulfill the hot and cold 
utilities?

For example:
- Hot utility: gas stream coming 

out at 400°C that needs to be 
cooled to 60°C

- Cold utility: River water that 
comes in at 15°C and must 
be released no hotter than 
25°C

In this example, the hot utility 
goes below the pinch and 
contributes to increasing the cold 
utility… This is common. 0 20 40 60 800
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Pinch analysis: the heat cascade
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Another way of representing 
this process is to integrate the 
hot and cold utilities into the 
total process and the Grand 
Composite Curve.
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Pinch analysis: the heat cascade
Another way of representing 
this process is to integrate the 
hot and cold utilities into the 
total process and the Grand 
Composite Curve.

Not surprisingly, the heat and 
cold utility requirements 
disappear and the process 
becomes self sufficient.

We can also represent this as 
a hot and cold composite 
curve. 
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Pinch analysis: the heat cascade
Another way of representing 
this process is to integrate the 
hot and cold utilities into the 
total process and the Grand 
Composite Curve.

Not surprisingly, the heat and 
cold utility requirements 
disappear and the process 
becomes self sufficient.

We can also represent this as 
a hot and cold composite 
curve. 
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Pinch analysis: the heat cascade
Minimum heat exchanger 
area

Using the two composite 
curves, we can calculate a 
minimum heat exchanger 
area.

We can assume that these 
two curves are two long 
streams between which you 
can perform heat exchange.

To start, you break up the 
curves into segments of 
constant Cpi 0 200 400 6000
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Pinch analysis: the heat cascade
Minimum heat exchanger 
area

To start, you break up the 
curves into segments of 
constant Cpi
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i Heat exchange:
Qi=UiAiDTlm,i

Qi

Amin = Aii

nseg.∑ =
Qi

UiΔTlm,ii

nseg.∑
Minimum 
total area 

Heat exchanger 
area for a 
constant-Cp 
segment

Heat transfer 
coefficient for 
segment i

Logarithmic 
mean 
temperature 
for segment i

Heat exchanged 
for segment i

ΔTlm,i =
(Tin,hot −Tout,cold +ΔTmin )− (Tout,hot −Tin,cold +ΔTmin )

ln Tin,hot −Tout,cold +ΔTmin
Tout,hot −Tin,cold +ΔTmin

#

$
%

&

'
(

Logarithmic mean temperature for segment i:

Segments are 
at the same 

temperatures 
as those given 

in the 
temperature 

interval matrix.
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